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SECTION I

INTRODUCTION

This report presents the results of an in-flight simulation program
to generate data on the minimum acceptable longitudinal stability of large

,delta-wing transports in the landing approach flight phase.

The objective of this program was to generate data for use in estab-
lishing flight characteristics criteria for airworthiness certification and
issuance of operational limitations for supersonic transports during landing
approach. The evaluation program was specifically directed toward definition
of a minimum acceptable level of longitudinal stability of the unaugmented
delta-wing transport airplane. This was accomplished by a systematic variation
of static lonq'tudinal stability of the airplane. In addition, the effects
of: (1) curvature of the pitching moment vs,. angle-of-attack curve, (2) in-
creased pitch damping, and (3) backsidedness (variation of induced drag) on
airplane acceptability were also examined to determine their influence on a
minimum level of static stability. The basic data package used for this pro-
gram was supplied by the FAA and consisted of aerodynamic data and control
system characteristics of an unaugmented prototype Concorde airplane. This
data defined a reference airplane configuration from whi'h the above param-
eter variations were made.

For this experiment the in-flight simulator used was the TIFS a.Lr-
plane. The TIFS airplane is a research tool which perb.its a duplication of
the motion of the simulated airplane pilot station, and the instrument and
visual cues experienced in the actual performance of the landing approach task
to a simulated touchdown. This permitted the evaluation pilot to assess the
complete approach problem including localizer acquisition, glide slope acqui-
sition under instrument conditions and control of flare and touchdown (with
groeed effect) under visual conditions. Glide slope errors, localizer offset
error, crosswind and turbulence were introduced electronically into the eval-
uation task to allow the evaluation pilot to examine the simulated aircraft
under various operational requirements.

The report is divided into two voluties. Each volume is subdivided
into various sections. Volume I is essentially a summary of the experiment,
while Volume II documents the experiment and the analysis of data in greater
detail and provides specific background information for the contents of Volume
I. The following is presented in the sections of Volume I:

Section II - Technical Discussion which describes the
parameters varied as well as the effects of
these variations on classical stability and
control parameters.

Section III - Describes the experiment, the TIFS airplane
and the evaluation aids provided the pilot.

f"1



Ssection IV - Pilot comment synopses and 'discussion of the
experimental. results.

Section V - Contains a summary of the experimental results
and conclusions based on the data obtained in
this investigation.

2



SECTION II

TECHNICAL DISCUSSION

2. 1 PURPOSE OF THE EXPERIMENT

The in-flight evaluation program was designed to specifically exam-
ine the effect of static longitudinal instability on landing approach handling
characteristics of large delta-wing transportrs. The objective of the program
was the determination of a minimum acceptable level of static instability for
the bare unaugmented airframe. The experiment was perform•i using the Total
In-Flight Simulator (TITS) airplane on which were programmed the equations of
motion and the aerodynamic and control system characteristics which describe

--a large delta-wing jet transport during the landing approach flight phase.
Included in the description of the aerodyna-mics of the airplane configura-
tions investigated were the effects of proxiwity to the ground. Application
of the TIFS airplane to this experiment allowed all cues-(motion, instrument,
and visual) to be accurately presented to the evaluation pilot. This was ac-
complished by flying the task through the critical flare and simulated touch-
down under actual operational co ditions. Previous in-flight and ground fim-
ulation experiments in this area have not been performed on equipment that
could combine all of these factors, with V-e saw ro aism.

2.2 DESCRIPTION OF THIE- CONFIGURATIONS EVALUATED

The design of the hwidling qualities expc"riment for this program
began with definition of the aerodynamic stability derivatives for the par-
ticular type of 'airplne co'•iguration under investigation. A complete do-
scription of the ae-w.ynamic stability and cont. x .' rivatives is presented
in Volume It of this report.- Thse so ;orivativ,- modified to speci-
fically examine the effects of statiz longitt, --i ,y tho .anding
task. Specifically, a'baseline configu'atien. 4 :. " f an -
plied data package of an unaugmented -prototype .'Oncoe airpln, The pTh ra..
conducted ronsisted of porfortaing variations in the foilloing paramters;_

a) Static iwitability for a tinoar pitchinlg momint ýcurvv by
00iftt;3jo'n of djýý to zihiove the 0,1wr ,;v1 Qet 0d

ti•S to double apq)litud (1 ) based co the aperiodi
unstable •mut of - lzI cwrited loogitudinal charaut' c
tqua tion: r. 60 , sw~ ond, 4 .Cond! and
4" seconds. In addit••n, a stable einfiguration was intro-
duced to serve as a veference point,

b) Utanges in the p-te- of the acrodyunnic pitching
cn~n oeifigu-.eint to i-4vcsti~t noolacar_ e.

"effects.

c) OCanges in the shape of the drag pular.to exioine the
effiecs ok backside operation vs. opration .4 the bucket

""3A



of the trim drag curve with velocity for statically unstable
airplanes.

d) Changes in (Cm., + w oeaut h feto
pitch damping. oeaut h feto

When vari~ation d) was used, the static stability CC,,)wsas aidsc
that the specific values of 7~under investigation were still maintained at
the preselected values. Using these variations, a matrix of airplane configura-
tions was established from which twenty configurations were 3elected for the
in-flight investigation. The matrix of configurations is presented in Table I
based on the definitions in the following chart.-

Derivative idlfntification Description

I Baslinevalue 0 53% c.g.

II IS times the baseline value

0 Linear (97.9Z00

(e I Baseline nonlinearity
(qCW''PO P0002 deg 2)

2 Nonlinearity twice baseline va-lue
9.=.0004 deg"2)

4 Baseline drag polar (baclside operavion)
d 'd,7 Drag polar to place airplane in bucket

of power required curve at approach
speed

StAtic Stability A Stable con figuration/separated
shove period'and Phugaid modes

60 secoond aperiodAc diverqonce

C 6 sacond Vperiodic d~iver-got.,

D 4 u-tand ap -1Aodxc diverimice
E~SeCO~nd 3periodIC 4_verg-rjeo

NOtE,: Xperipli-, i"v~rgnce is baks.iý upon the. uastable rca) root ifi the

loiuialca i



For the experiment, the lateral-directional statility and control
derivatives were not varied from the simplified baseline airplane values. The
stability and control derivatives for the twenty evaluation configurations are
tabulated 4,A Appendix I of this volume.

Figure 1 illustrates the effects of the changes in the longitudinal
derivatives on the time to double amplitude, determined from a linearized
longitudinal characte•4istic equation root location, out of ground effect. For
this situation the configurations with nonlinear C?,, curves would be iden-
tical to those with the linear Cw,, , since all configurations were selected
to essentially trim at the same condition out of ground effect.

TABLE I MATRIX OF EVALUATION CONFIGURAT!ONS

0+-1 -aseline I 5 x Baseline

"9 . Baseine baseline
S(P3ckside) ero (Backside) Zero
-'. base- 2 base- 2 ,le I a base- x

- iea lin no - liea lie -o- lierln o- - -nalinear non- near non- linear non -n

lZvi.L i. IoL ,ne, r I -nearl ,,e;o. ,,°e
$ Stable I

" T• • 0 sec 2 .'

.. U• .e 6 IB 10 •4 1, ?[

• • .4e€ -€ .1 -• - - . I( -"
tt

*!. .. . I .... "

II

As discussed in RefeIence and Appendix II of this rvpot. The gon"-
er•z criterion for a ststically unstable airplane is thc, sign of" the constant
ttre in the-charteteristic equation. A wisute of static instability is the

! .° .
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9 divergence rate of the aperiodically unstable mode (time to double amplitude
a Tr2 seconds). From a prattical point, difficulties exist in attempting to
measu~re this parameter for configurations twith a relatively long tim~e to double
amplitude. Analysis presented in Appendix 11 of this report indicates that
angle of attack response to elevator commands is a reasonablei measure of TZ
especially for airplanes-with relatively fast divergence rates. -Figure 2
indicates the relationship exhibited by the cornfigurations evaluated in this
program between the T21 determined from the unstable root of the longitudinai
characteristic equation and the time to double amplitude measured from the
angle of attack response to an elevator surface. step (T7204 ) (see page 84 for
measurement rules)..- For the configurations with linear c,, (9e,C,, 19a = 0),
*for either nose-tip or nose-down elevator inputs, the value of T'2 is in rea-
sonable agreemen-t with the value of r2 obtained from linearized theory. pro-
vided 7-2 is less than ten seconds Ct/r > .1)..

For the configurations with nonlinear C.,,, (C;" is a function~ of
at. there exists very little correlation between measured livergence, rate and

that predicted by a linearized theory. When the elevator surface is moved
trailing edge up, the measuredr2, is significantly less than the value ob-
tained from the linearized'equations. The opposite is true for a -trailing
edge down elevator surface command. This is a result of~the form of the C"'
nonlinearity investigated in this program. An increase in angle of attack
decreases static stability for the nonlinear configurations, while decreasing
Sincreases static stability. Thus the data indicate that care wust be exer-

cized if T"Z,0 is used as a handling quulitias parameter.

2.4 SHORT TERM XTITUlE. REPONSU

In Appendix 11 of this ireyort it is demonstrated that, for the Call-
figurations evaluated ii this program, thtý short -tr attittude raspvise to at)
impulse ele-vator corvAxnd can be 4haracterized by an 't equivatent" first order
time constant, The "equivalenit" time caq 'be raonably dotormined~ f~romt the
smallor of the two roots- Wca.ulated from the- custunt sip-cod short period
proxim-ation. -In addition, it is, 41so shown in AppendiN It that tho slr of~
trim cevator position withi in constant atud oady bwnod tunis¾ .-t-
'evets of incremowttl is itl,4Iveati. of whether tho short term-i Attit -4 e
ft.posoto, eltcvotor is- strable or kvtat-bloo Pits thon prsonats tho positity

of deot..rlbin& the stat ally unstable- airplane eo iuristht e?
use n tht-s- pwgw iW tercks of short par'od prar~wterl.- riguwo- 3 iitl~~t-

the correlation, bot"-nt the "ecquiva~lcn' cirst. ovrdov W,40 ema-surted trot *t-
ti~ th one rdans-xp ea~ c~n n the *actheri4 j

dieted by t-e short -poewd apriatui 1w i ir ictc- t
betuten the equi-viieuttt pitth attitvde iirgit order *04e awl the tiw t daible.

* This para tor i* related but tkot directly prVportieoaa to this Closic~l
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amplitude of angle of attack measured from responses to nose-up elevator con-
trol input. This figure indicates that the configurations evaluated in this
research program can be separated into several regions based on the level of
stability of either angle of attack or attitude response to an elevator com-
mand. The most obvious separation is into those configurations with stable
short term attitude response in comparison with those configurations with an
aperiodically unstable short term attitude response; for all configurations,
angle of attack response exhibits an unstable divergence. This separation in
the stability of the short term attitude response to elevator inputs might be
of more importance to the pilot in controlling the airplane than the angle of
attack divergence.

Based on the correlation between the "equivalent" first order -mode
in the pitch attitude response to elevator input and the short period approxi-
mation, it is then possible to present the configurations on a plane defined
.by the short period parameters (e.g., W;7,, and Z r.,pzn},). Figure 5 illus-
trates the location of the configurations evaluated in this program. In es-
senco the experiment can be interpreted as a variation in the short period
frequency for two short period damping levels (at least for short term pitch
attitude response). The location of the configurations shown on Figure 5 is
based on the short period approximation including ground effect. For the form
of grourid effect used in this investigation (Section III, Volume II) the short
period mode would increase frequency and damping as the airplane descends the
glide path, thus in terms of these modal parameters, each configuration is
actually a region in the short period plane. For clarity, only selected con-
figurations are indicated, since the location of the nonlinear am. configura-:):,
tions, and the configurations with reduced CD,, would be essentially the
same as for the basic configurations. Also shown on the figure are curves for
6 second and 3 second time to double amplitude computed when the short period
approximation contains an unstable aperiodic root. From the trajectory of the
short period modal parameters with altitude, it is obvious that the ground ef-
fect can have a significant influence when the airplane c.g. is less than 50
feet above the runway. At any altitude above 50 feet there is little influ-
ence of ground effect. As indicated in Section V of Volume II of this report
the most significant feature of the ground effect would be the trim adjustments
required by the pilot to compensate for the ground effect during the flare and
touchdown maneuver to maintain a reasonable pitch attitude for landing.

The preceding discussion presented the poles (roots of the charac-
teristic equations) obtained from a constant speed short-period approximation.
The poles of the complete three-degree-of-freedom linearized longitudinal
characteristic equation are presented in Appendix I of this report. Table II

-presents a comparison of the roots of the short period approximation (-&, '-z)
with those obtained from the full characteristic equation (//7 I , , i/" ),
for the configurations with real characteristic roots (out of ground effect).
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Thus the short period approximation generally predicts a more stable
configuration than that obtained from the full characteristic equation.

TABLE II

COMPARISON OF SHORT PERIOD APPROXIMATION ROOTS WITH

COMPLETE CHARACTERI'TIC-EQUATION ROOTS (OUT OF GROUND EFFECT)

f!
CONF. P, A

2 .1900 .1926 .5920 .6328

3 (6)(8) .1107 -. 0855 .6714 .7030

4 (7)(9) -. 0186 -. 16S6 .8006 .8220

5 -. 2661 .3446 1.0479 1.0560

10 .1107 -. 0710 .6714 .6725

11 -. 0186 -. 1497 .8006 .7997

12 -. 2661 -. 3291 1.0479 1.041

14 (17) .2091 -. 0840 1.1842 1.186

15 (18) .0348 -. 1654 1.3584 1.354

16 (19) -. 2509 -. 3465 1.6441 1.631

NOTE: Negative values of It and f/Tsp, indicate an unstable real root
(aperiodic divergence).

2.5 INFLUENCE OF SPEED INSTABILITY (BACKSIDEDNESS)

Several of the configurations evaluated in this program were specif-
ically designed with reduced levels of induced drag (out of ground effect) to
examine the effects of "speed instability" (or backsidedness, Ippendix II) on
pilot rating in the landing approach task for large delta-wing transports.
For all configurations evaluated in this program, the ground effect reduces
"backsidedness" by decreasing induced drag and increasing the lift curve slope.
Reference 2 indicates that a change in d?"/dV from .069 degrees/knot to. 0.0
degrees/knot for configurations with zero static margin (MA c 0) but statically
stable (Wmz,, > 0) did not significantly affect pilot rating for two of the
three evaluation pilots used in that program. The airplane configurations to
be evaluated in this program were designed to examine this effect for various
values of 14,, . The dy/dVvariations are of a similar order of magnitude to
that used in the above reference. This variation covers the Level land Level 2
regions for flight path stability of Reference S.
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2.6 INFLUENCE OF GROUND EFFECT.

The configurations evaluated in this program include the influence
of ground effect based on the dara package supplied by the FAA. Section III
of Volume II of this report illustrates the fun;ctional form of the ground ef-
fect. This functional form was not ý.hanged during the in-flight evaluation
.or all the aerodynamic stab:.iity arid control derivatives except that the in-
fluence of ground effect on the pitching moment equation was reduced as d
was made more positive (unstable) based upon the equivalent c.g. location
(Reference 4). The ground effect used tends to follow the preferred form dis-
cussed in Reference 4, that is, the lift change tends to lead the pitching
moment change. As previously shown on Figure S, the short term mrdal param-
eters are not significantly altered by the ground effect urntil the height of
the airplane c.g.. is within 50 feet of the runway. As shown in Volume II of
this report, based on a quasi-steady trajectory analysis, a c.g. height.of
50 feet is the altitude at which the pilot would be required to introduce sig-
nificant elevator trim changes. These trim changes must occur in a relatively
short time to counter the nose-down tendency of the ground effect in order to
maintain an approximately constant attitude appro&:h and touchdown. The data
presented in Reference 4 indicates that an increase in the magnitude of elevator
stick force associated with the landing flare maneuver in ground effect cart
have a significant degrading influence on pilot rating as static stability is
reduced. Pilot workload parameters in terms of the primary frequency of ele-
vator control input and elevator column for'ýe for the configurations evaluated
in this program are presented in Section IX of Volume- It of this report.

2.7 LANDING APPROACH TRAJECtORY ANALYSIS-

References 4 and 5 both examined the landing flare maneuver of large
transport aircraft in the presence of ground effect, and both conclude that
the ability of the pilot to maintain a constant pitch attitude is critical to
landing the aircraft. Thus the ability of the pilot to compensate the. strong
nose-down pitching tendency by coordination of elevator inputs may be the most
demanding portion of the entire landing task. As an estimate of the importance
of compensation for ground effect by elevator for the landing maneuver at con-
stant approach speed, a quasi-steadip trajectory analysis was performed for the
configurations evaluated in this program, Specific details of this analysis
are pros nted in Section V, Volume fl ofthis report. The results of this
analysis ay be summarized as follows: (I) for all configurations evaluated
in this program, maintaining the attitude required for a glide slope of 2.5
degrees would land a0, configuration- at rates of descent below 2 feet/sec
except for configurations S, 12,16, 19; (2) configurations 5, 12, 16, 19
would tend to balloon in height without achieving touchdown umless the pitch
attitude was allowed to. decrease prior to touchdown. Thus for these configura-
tions, the pilot would be required to use eleva;or in a method contrary to what
could be considered norml in the flare and touchdown task for the other con-
figurations evaluated in this program. for ail configurations, the analysis
indicates that significant elevator ro-wensation would be required -or
approxiuntely the last ten seconds of the approach (as wheel height reduces
from 35 feet above the rTuWay to touchdown).

14



SECTION III

DESCRIPTION OF EXPERIMENT

3.1 EQUIPMENT

The flight evaluations of this program were flown in the Air Force
Total In-Flight Simulator (TIFS) operated by Calspan. A layout diagram of
TIFS is shown in-Figure 6.

ELECTRONIC COMPONENTS OF
SENS ,FEEL. IND SERVO SYSTEMS

ELECTRONIC COMPONENTS OFNOD EL-FOLLOWING AND J /•!•
RESPONSE-FEEDIACK SYSTEMS

ANLGDIGITAL TAPE •S/ AALO0 RECORDING SYSTEM

OBSERVERS

S~SAFETY PILOTS

TESTENIER

EVAIAIATION PILOTSLIFT FLAPS.. : f CNOY•

CANOPY

SlWE FOCCE
/ SURFACE3

Figure 6 LAYOUT OF TOTAL IN-FLIGHT SIMULATOR (TIFS)

For this program, the TIFS was =erated in the model-following sim-
ulation mode; a block diagram illustrating this mode is presented in Figure 7.
The TIPS development, design and fabrication are described in Reference 6. The
detailed capabilities of TIFS are completely outlined in Reference 7. The TIFS
simulation cockpit, occupied by the evaluation pilot, is a completely separate
cockpit mounted on the nose of the NC-131H to give the evaluation pilot as much
of tho simulated aircrAft environment as possible. The instrument panel used
for this evaluation included the instruments developed under the PIFAX program
(Pilot Factors Program sponsored by the FAA and performed under Air Force
direction). The two primary instruments are an Attitude Director Indicator
(ADI) Model 4058-E and a Horizontal Situation Indicator (HSI) Model AQU-4.
In this landing approach flight evaluation, the task included ILS approaches
performed either in actual IFR weather conditions or under simulated IFR con-
ditions with the evaluation pilot wearing a hood. The ILS approaches were
accomplished using the raw glide slope indicator on the ADI and the raw lo-
calizer needle on the HSI. The flight director horizontal and vertical steer-
ing needles on the ADI were removed from the sight of the evaluation pilot.
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SIMULATEGUST DISTURBACES

"Figure 7LLOTWNO MOTION MOTION....I NPUTS• VARIALES CONTROLS

t e AI w a m t NOTIONIEVALUATION =E POSITIO NCIJ.-131H •=
PI POT SRO

• plPLA$'I . MOTION AN6 -

" t VISUAL CUE

Figure 7 MODEL-FOLLOWING MOTION I(AMULATION

Another' change to the ADI was a modification that provided double the pitch

sensitivity of the normal presentation. In other words, each degree of pitch
angle change of the model was represented as a two degree pitch change on the
ADI. This was done to make the pitch display sensitivity comparable to that
of a large delta-wing supersonic transport (e.g., Concorde). In addition to
the two major instruments, other instruments included airspeed indicators (both
digital and the normal round dial instrument), altimeteT, engine instruments,
clock, accelerometer, heading indicator, distance measuring equipment (DME)
and vertical velocity indicator (VVI). The WI was unique in that it provided
instantaneous vert.kcal velocity without the consequent lags associated with the
usual pressure sensing instrument. Three other special instrument indications
were presented on the panel in the simulation cockpit. A vertically moving

,tape indicating angle of attack, a , was displayed on the left side of the ADI.
Another vertically moving tape showing wheel height was displayed on the right
side of the VVI. A horizontally moving needle indicating sideslip angle, ,-
was located below the HSI. A photograph of the instrument panel (prior to the
installation of the sideslip indicator) is shown in Figure 8.

The TIFS simulation cockpit is a two-piace side-by-side arrangement
with wheel controlIlers and rudder pedals. Elevator and aileron rate trim thumb
buttons are located on the control columns and a toggle switch rudder trim is
provided forward of the throttle console. Four throttles are located between
the two seats on a center console. The evaluationpilot occupied the left
seat during the evaluation flights.

Control feel to the wheel and rudder pedals was furnished'by electrk-
cally controlled hydraulic feel servos which provide opposing forces propor-
tional to the control wheel and rudder pedal deflection. The feel system
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dynamics for the elevator, aileron and rudder were held constant at the follow-
ing values: t mYS w 15 radians/second and 0 = .85.

The elevator and aileron control system dynamics were represented as
a second order system at a frequency of 32.9 radians/second and a damping ratio
of unity. The rudder was represented with no control system lag.

The control system static characteristics were held constant through-
out the evaluations at the values listed in Table III.

TABLE III

CO7ROL VGEARINGS AND FEEL SYSTEM CHARACTERISTICS

Elevator Aileron Rudder
Force Gradient 11.0 lb/in. .6 Ib/deg 15.75 lb/hI

Breakout Force t 4.0 lb t 2.0 lb ± 30 lb
Hysteresis t .50 lb t 2.0 lb t 10 lb

Control Travel (wax) t 7 in. 46 deg ± 4 in.
Surface Travel t 18 deg ±-18 deg -± 30 dog
Control Gearing - 2.57 deg/it. - .39 deg/deg -. 7.5 deg/in.-
Trim Rate .3125 in./sec 1.5 deg/sec .133 in./sec

The engine dynamics were represented as a first order system with
a 1.0 second time constant. Static thrust was mechanized as a linear gradient
with zero thrust until 49% throttle and a maximum static thrusst of 25,900 lb/
engine at 100% throttle, Thus, the linear gradient used per-engine was 508
Ib/A throttle.

A touchdown signal was provided to the evaluation pilot in the form
of a light located above the ADl and an a#ral •ndication on the interphone.
In addition, a slight norl acceleration was generated by the sudden applica-
tion of a 4own direct lift flap deflection when the computed wheel height
rocuhd rero, This computed wheel height gave the evaluation pi.ot the cor-
rcCt cockpit eye to grotnd height at touchdown. A radar Altimeter provided
the height iniomation for the deteruigation of touchdown, Figure 9.

For this program, the TlF5 sizulation included .the veryt significant
effýct Of UlyIng a large delta-wing transpott in close proximity to the ground.
It thereby* provided the evaluation pilot with the tppropriate task when flying
the siulated airplaie in the final approach close to ,he ground. The com-
plete growid effect was mechanized bosed on the data supplifd by the FAA. The
privAry changes occurred to. the pitching wodnt, lift and drag rep esentations

-. 18
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but all six equations of motion were modified due to ground effect. The pro-
cess, involved in determining the simplified expressions that were used have
been detailed in References 8 and 9. A summary of the modified equations is
-shown In Appendix I of this volume.

3,2 EVALUATIONS

3.2.1 Mission Definition

The evaluation mission was -hat of flying a large unaugmented tranis-
port airplane in the terminal task of IFR landing approaches to ILS mini mums,
followed by a day-time VFR approach-to touchdown on a 10,000 foot runwa.y. The
evaluation pilot rating would be' given considering an airline-transporv. pilot
performing a single pilot control task. it was assumed that there would he
an additional pilot for monitoving mid for overload cockpit duties.- towever',
he would not assist Cither fiy. moving the control column or by manipulating Uiie
throttles. Furthermore, it was assumed that the airline pilot was "well
trained" (o, g. , subjected to the training requirements of the FAA -and to those
of his own company), but that the training associated with flying the airplane
with a complete augmentation syste-m failure was administered infrequently.
Therefore, there was no certainty that the, pilot would. hive had recent oxperi-.
*once in land.ing the unaugmented airplane.

It was agree4d that a single Cooper-114rper pilot rat ing would be gvt
,for the mission (IFR approach. And the VFR landing).- Fxceptions would be per-
mitted for those situations'where there might be an. extre M. variz-nrce between
the difficulty of performing the flare and touchdown tasks Ps comipared to
flying the IFR approach:. Then the pilot could give one rating for the spproach
and a separate. rating for the ýflIare and touchdown task,, at his discreotion..



3.2.2 Evaluation Procedure

Two evaluations were planned for each flight. Each evaluation in-
cluded IPR approaches down to 300 feet above the ground, The remainder of the
approach to touchdowrn was accomplished by visual reference to the real environ-
ment outside the cockpit. The majority of the ILS approaches were flown to
runway 28R at Niagara Falls International Airport, Niagara Falls, New York.
Some approaches were made to runway 5 at Greater Buffalo International Airport,
Buffalo, New York because of the excessive tailwind component on the ILS ap-
proach at Niagara Falls. On one flight a ser4.os of approaches was made to
runway 4 at the Monroe County Airport, Roche:,ter, New York for the same reason
as given above. The approach speed used for all approaches was 160 knots.
The TIPS configuration for the approaches prior to engage.ment of the VSS when
in level flight was landing gear down and both Fowler an,! direct lift flaps in
the trail position. These flap settings produced approxiately 10 degrees
angle of attack mismatch with the model at the initial cuaý_'ion of VSS en-
gagement. The mismatch was accounted for in the transformation of the model
equations of motion as shown in Appendix II causing the TIPS cockpit motion to
match the model's cockpit motion although differing in incidence by a constant
6 degrees.

For this experiment the TIFS gust alleviation system was not used be-
cause it was not fully optimized. A model-following variable stability system
will tend to act as a limited bandwidth gust alleviation system when no turbu-
lence inputs are fed to the model and the feedforward and feedback signals are
inertial quantities. In this situation the turbulence response experienced
by the evaluation pilot is that portion of the normal TIFS airplane turbulence
response not alleviated by the model-follc.wing loops. For those approaches
where the natural turbulence level was greater than moderate, no inputs Were
fed to the model. On other approaches, either the sensed natural turbulence
or a combination ofnatural and canned turbulence was fed to the model. The
blending of natural and artificial turbulence was accouplisheO electronically
(Section IX of Volume 11) whenever the sensed natural turbulence was less that..
the prescribed level. Then, canned turbulence was inserted to raiso the tur-
bulence to the amount desianated for the particular task. the canned turbu-.
lence model was based or. the Dryden spectral form of IL-M-8785K(ASG) with b•, -
1000 ft. Details of the canned turbulence siaulati!n are presented in Wear-
onco 10.

A total of 61 evaluations of 20 different congurateiont was poll
fom~ed by four evaluation pilots. This total included two repeats each of' the
same configuration by Pilots A. and H. Four evaluations were. ropeated bY P|l(t
I. Tle entire program was split up so that Pilots A, 8, C and 0 perforoad 19,
15. 6 and 31 evaluations, respectively.

The evaihation pilots were not informd about the -'configuration"s to
be cvaluated on an, flight.

i. .



3,2.3 Evaluation Tasks

A typical sequence of tasks during each evaluation was as follows:

1. Familiarization with the configuration

(a) Determine trimmability -- ease of ach5.eving trim and
the behavior 10 - 20 knots off trim airspeed.

"(b) Perform maneuvering as considered necessary to determine
ability to make precise pitch, airspeed and heading
changes. A wind-up turn to at least 1.4g was included
if it appeared there .might be a problem with flaring.
the airplane.

2. IFR approach (simulated by use of a hood)

(a) Radar vectored track on a 30 degree :-ttercept of the
ILS final approach course.

(b) Localizer acquisition a few miles outside the
outer marker.

(c) Localizer tracking and glide slope acquis.iticn and
tr-aking down to-an altitude of 300 feet above the
ground.

3. Visual final-approach to touch dwn.

The IFR ipproach was plalned with three dt-inct vz&iations as
follow.s

1. TASK A wis a straight-in approach with a turbulence level') a
-of 0.5 feet/second When no natural tututene existedý

2,- ""ASKI ncludkd a glide slope error of one dot (u1j, or down)
Cfom the outer =ier to u altitude of $00 fe• a bove the-
ground. It also included A 90 degre crossvin4 tpo••tet of
15 ýnots that wa4 insrted after locsliter iht•rtcptiol a-nd

temanedin until Ieouc~hon M~i Task A. turbuleneevl
cr of 0.$. feet- per sccoad was providcl wheatcvor the air wa"

too smooth4

3. TA C cinsisted of L oaliter offset errr of cn $t that
was insortod rrior to lecoliýcr, a~cqusidtion. This teirvi
ne.ained until 200 fteo above the growid. It pto4uccI •ppo.&
Weatly a WO ,foot lateral Offset at the1 MdJ_ parker. In
additioet a turbulence level with i d - 3 feet rpr secAnd
was proidcd if the tevel of natural tutbulence was not

"* sufficient ly high.



Task A was always given first but the-order of the other two tasks
was interchanged at random. The evaluation pilots were not informed as to
which task they would be subj •cted to after the initial approach.

Details uf the mechanization of the glide slope and localizer offsets,
-the artificial crosswind- and the addition to the natural turbulence level are
described in Section IV of Volume TI.

3.2.4 Pilots

Four evaluation pilots participated in the program. Prior to the
evaluation of the configurations in the TIFS airplane, all evaluation pilots
participated in a ground simulation evaluation program. This program eval-
uated the configurations designed for the in-flight program on the Ames Flight
Simulator for Advanced Aircraft (FSAA) Reference 11. The initial flight for
each pilot in the in-flight investigation program was a pre-evaluation flight
that allowed the pilot to become familiar with the TIFS airplane, the in-flight
evaluation procedure and the use of the pilot comment card. Two configurations
were flown by the evaluation pilots during this flight. One was a stable con-
figuration (either configuration number 1 or 20) and the other was a mildly
unstable configuration that was also on the backside of the power required
curve. This combination of configurations allowed the pilots to see the dif-
ficulty of controlling a stable configuration that suddenly became even more
stable prior to touchdown and also permitted them to see one of the unstable
configurations before their first actual evaluation.

A summary of the evaluation pilots' general flight experience is
presented below:

Pilot A: USAF pilot and graduate of the USAF Test Pilot School
with extensive experience in flight test. He has a total
of approximately 9500 hours with the majority of that
time being in large aircraft. He has flown several
flight- in one of the Concorde prototype aircraft.

Pilot B: NASA Ames research pilot who served as project pilot
on various handling qualities studies using both aircraft
and ground simulators. His flight experience of 7000
hours includes many experimental V/STOL aircraft, rotor
craft, fighter and large jet transport aircraft.

Pilot C: FAA test pilot with approximately 6000 hours of flying
time. This experience has been obtained in an extensive
variety of small and large airplanes and helicopters.
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Pilot Dt Calspan research pilot with extensive experience as an
evaluation pilot in handling qualities investigations
using variable stability aircraft and ground simulators.
His flight experience of 5500 hours is distributed over
a wide variety of aircraft types.

3.2.5 Pilot Comment and Rating Data

Pilot comments and ratings were the primary data obtained. In order
to standardize the order and organization of the pilot comments, the evaluation
pilots were encouraged to use the Pilot Comment Card which is reproduced as
Table IV.

The evaluation pilot was requested to comment on the items listed
on the comment card at the completion of each evaluation. However, he was
free also to comment at any time during the evaluation when he felt it appro-
priate. One of the pilots chose to make comments at the completion of each
approach while the TIFS was being flown outbound by the safety pilots prior to
setting up the aircraft for a subsequent approach. As indicated by Item 16
on the comment card, the pilot was asked to assign a pilot rating for the con-
figuration after completing the comments. This rating was given by tie pilot
in accordance with the Cooper-Harper Handling Qualities Rating Scale as de-
scribed in Reference 12 and shown in Figure 10.

The pilot rating assigned by the evaluation to each configuration
included the effects that turbulence had on the handling qualities. There-
fore, in addition to the rating of the overall configuration, an alphabetical
rating was assigned which was an assessment of the effects of turbulence on
the handling qualities. These ratings were given in accordance with the tur-
bulence effect rating scale shown in Figure 11 which has been used by Calspan
in other flight research programs. The use of the turbulence effect rating
scale allows an estimation to be made of the degradation in pilot rating for
a ;iven configuration in the landing approach as a function of turbulence ef-
fect. However, one serious drawback with this rating system was the difficulty
that the evaluation pilot had in choosing a rating when he did not have the
opportunity of making at least one approach in smooth air.
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TABLE IV

PILOT COMMENT CARD

1. Ease of achieving trim.

2. Any objectionable behavior off trim airspeed.

3. Maneuvering about level flight:

attitude control, altitude control, airspeed control, etc.

4. Maneuvering in turning flight:

lateral control, altitude (and pitch) control, airspeed
control, maneuvering forces. (Acceptability for mission), "g"

S. Localizer acquisition and tracking prior to glide s2.-ope interception:

a. performance capability

b. workload

c.. effect of localizer task on altitude performance.

6. Glide slope acquisition:
a. control techniques to acquire (-:levator and throttle)

b. performance capability

c. workload.

7. Tracking of glide slope and localizer:

a. ability to maintain and re-acquire glide slope;
control of airspeed?

b. ability to maintain and re-acquire localizer

c. does your pitch task affect heading control adversely?

d. describe any unusual use of the display

e. control technique: elevator anxd throttle used to control
what?

i. describe input required to produce desired pitch
response

g. how suitable to the task is the resulting
airplane motion?

h. does the airplane feel as though it is trying to get
away from you unles you are:continually and consciously
controlling it?
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8. Ability to correct lateral offset errors on breakout. Did the
required maneuvering adversely affect your control of landing
-touchdown point or sink-rate?

9. Control technique, power management, performance, workload in
flare and touchdown maneuver.

10. Crosswind landing:

a. difficulty

b. wing down or decrab technique?

c. effect on sink rate and touchdown point control.

11. Control feel: elevator, aileron, rudder

a. forces to produce desired response

b. control travel

c. breakout forces

d. friction.

12. Throttle control feel, friction.

13. Which of the required evaluation tasks was most degraded by the
configuration characteristics?

14. Turbulence effects - has rough air brought out any characteristics
that would affect your ability to fly this configuration?

15. Could you continue to fly this configuration for 30 minutes in

turbulence doing landing approach tasks?

16. Configuration rating.

17. Turbulence effect rating.

18. Summarize primary reasons for ratings:

a. what was the most objectionable feature of the
configuration?

.b. what was the least objectionable or best feature
of the configuration?

19. Were there any simulation malfunctions during the evaluation?
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"3.2.6 Model Validation Procedure

When using a model-following type of variable stability airplane for
research, the verification that a particular dynamic configuration is being
flown consists of checking two basic items:

(1) Ascertaining that the correct model has been set up on the
analog computer, i.e., the potentiometers defining stability
derivatives were set correctly, and that the analog was pro-
ducing the correct time histories for selected control inputs.

(2) Ascertaining that the TIFS responses in flight were in fact
following the analog generated responses for pilot control
inputs.

Item 1 was accomplished in the following ways:

a. A static voltage check was performed on the analog represen-
tation to verify proper mechanization of the equations of
motion.

b. Nonlinear six-degree-of-freedom digital computer time
histories of model responses to control inputs were compared
with those generated for identical control inputs by the model
analog computer. This comparison was simplified by producing
time history overlays from the digital computer responses
which were then used to compare with the time histories
generated by the VSS model analog and recorded on the on-
board strip chart recorder.

c. Trim values of V1 , Gr and -, were set in as initial conditions
to the model analog computer and the model allowed to achieve
trim through balance loops. The trim values of Ch , ep ON
5, and -r were compared with the nonlinear six-degree-of-

freedom digital computations.

d, To verify that the correct ground effect mechanization was
incorporated, Step c was repeated at model wheel heights
of 2, 11, 36, 86 and 186 feet above ground level, and com-
pared to data generated at NASA Amos (Reference 11).

Item 2 was achieved as follows:

a. While using only the model computer on board, model computer
responses recorded'on the strip chart were compared with the
digital computer time history overlays. 1The 0 , V Y a tnd i
responses for both Je and AZ7 step inputs were compared as
were the 0 , jo ,# and r responses for both Ya and Se stop
inputs. These, procedures were accomplished prior to the
evaluation of each configuration.
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b. After item 2a was verified, TIFS model-following responses
to pilot control Inputs were similarly compared.

c. Continuous monitoring of the model following was peiformed
by Test Engineer No. 1 during the evaluation flying.

3.3 DATA ACQUISITION EQUIPMENT
The TIFS airplane is equipped with •he following data acquisition

equipment:

1. Four-channel Brush strip chart recorder.

2. Sixty-channel Ampex digital magnetic tape recorder.

3. Two Norelco cassette tape voice recorders.

The strip chart recorder, which incorporates the ability to select
10 different combinations of 4 output channels, was used continuously in flight
to monitor model-following system performance. The digital magnetic tape re-
corder was used to acquire specific documentation records of responses to
classic inputs and records of aircraft response and control activity on the
ILS approaches flown during the evaluation for more detailed analysis after
the flight. Typical time histories are presented in Appendix III of this
volume. Specific data recorded on the magnetic tape recorder are listed in
Appendix I oi Volume I.

One voice recorder was used exclusively to record the comments of
the evaluation pilot ihilo the other was available when required to record
pertinent TIFS crew intercommunications pertaining to model-following system
anJ goneral airplane operation.



SECTION IV

DISCUSSION OF RESULTS OF THE IN-FLIGHT INVESTIGATION

4.1 PILOT RATINGS AND PILOT COMMENTS

Table V presents a summary of the pilot ratings for the various con-
figurations evaluated in this research program. Included in the table is a
general description of the configuration in terms of • , backsidedness,
and ( Cm + C ). The time to double amplitude (7-r ) computed from the
unstable aperiodic root of the linearized longitudinal characteristic equation
is also presented. Repeat evaluations appear in brackets. Turbulence effect
rating is presented with the pilot rating. For those configurations where the
pilot gave two distinct ratings for both the approach task and the flare and
touchdown task of the mission, these ratings have been separated by a semi-
colon.

The full evaluation pilot comments are presented in Section VI of
Volume II of this report. A summary of these comments, describing the prima-
ry piloting difficulties, are presented by configuration number in Section 4.5.

The following general observations can be made based upon the pilot
comments and ratings obtained in this program for the statically unstable con-
figurations. A typical time history of control activity in the approach task
is presented in Appendix III of this volume.

(1) Tight attitude control was required to fly the mission for all
configurations. Specifically in flare and touchdown, pilots tended to use
large pumping motions of the elevator. In addition, pilot commentary indicates
that pitch rate cues were used to provide the lead required to control attitude
and flight path.

(2) The nose down pitching moment associated with ground effect
coupled with the sluggishness of the airplane response to elevator inputs sig-
nificantly affected pilot opinion of the configurations. For most of the con-
figurations evaluated, the pilot rating reflects control difficulties in the
flare and touchdown task. This observation was emphasized when the evaluation
pilot separated the approach rating from the flare and touchdown rating.

(3) On several approaches, the degrading influence of ground effec.
could be reduced by ducking under the normal glide slope and then flying a
shallower flight path angle prior to touchdown,, Insufficient data are avail-
able to determine the effect of this technique on pilot opinion of the ac-
ceptability of a configuration for the landing mission.

(4) As the level of instability was increased, pilot rating degraded
.and the effect of turbulence on pilot workload and task performance became
more significant.
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(5) For the backside configurations evaluated, airspeed control was
a demanding piloting control task. When configurations were placed in the
bucket of the power required curve by reducing the induced drag, pilot comments
indicate a decrease in pilot workload associated with airspeed control on the
approach. Pilot ratings, however, do not indicate a significant improvement
in overall acceptability of the configuration for the mission.

.6) For the configurations with nonlinear pitching moment effects,
the characteristic pitch-up tendency and increased instability associated with
low airspeed/high angles of attack were considered objectionable. Attention
to airspeed control was increased to avoid this objectionable behavior of the
airpa•mie.

(7) For those configurations with increased pitch damping (7T, held
constant), the pilot comments indicate that the associated delay in the appear-
ance of the instability in attitude response was considered "insidious."

(8) The presence of a possible "learning curve" phenomenon appears
evident by the general improvement in pilot rating and performance during the
progress o4 the experiment. Each pilot exhibited some of this characteristic
but Pilots B and D showed the greatest effects (see Figure 12). In general,
until the pilots learned to control the airplane in ground effect, the pilot
rating primarily reflected the extreme difficulties in attempting to land the
airplane, rather than the influence of the variations in aerodynamic deriv-
atives.

4.2 TOUCHDOWN PERFORt4ANCE DATA

Touchdown performance data obtained from the flight records art. pre-
sented in detail by configuration, evaluation pilot and evaluation task in
Volume II, Sectioa VIII. Four of the parameters: rate of sink, touchdown
distance, pitch attitude and touchdown airspeed, are presented as histograms
on Figures 13 and 14. Figure 13 shows the variability in the parameters for
each of the twenty configurations tested, whereas the information on Figure
14 shows the range in touchdown performance for each of the four pilots.

in general, there appears to be no single significant touchdown pa-
rameter which could be uzs* as a correlator with the pilot ratings. Sink rate
was definitely not a go,,i indicator because for Configurations 5, 12, 16 and
19 (Cr - 2 seconds), vba touchdown sink rate rarely exceeded 5 feet per se-
cond, The only pessible trend evident from Oio data was that when 7rz was de-
creased to 2 seconds, the touchdown distance was longer (%e > 4000 feet) mad
thopitch attitude at touchdown was higher (0 > 13 degrees). Alsoj at times,
the touchdown airspeed was exceedingly low (V t 135 knots), For these con-
figurations, the pilot tended to permit degradation in all other param,,ters
to adcieve a reasonably low sink rate at touchdown. Since a rather limited
data samplo was obtained in this program, oo attemqt has been made to .orform
a statistical analysis of touchdown performance.
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4.3 EXAMINATION OF PILOT RATING DATA

4.3.1 Pilot Rating Data as a Function of Short Term Equivalent
Pitch Attitude Time Constant

In Appendix II of this report, it was shown that for the statically
unstable airplane configurations evaluated, the short term pitch attitude re-
sponse could be characterized by a first order time constant. Examination of
pilot comments indicates that the pitch attitude control problems were related
to the sluggishness of the pitch response to elevator. The factors which de-
termine the initial "sluggishness" of attitude response are pitch control sen-
sitivity, elevator control gearing, and the short term attitude characteristic
of the airplane. For the statically unstable configurations evaluated in this
program, only the short term attitude characteristics were varied. As used
in this discussion, the short term attitude characteristic response in pitch
attitude is described by the equivalent short term attitude time constant,
( f/Tz for stable short term attitude response and -z. for anstable short
term attitude response). Table VI summarizes the pilot ratings obtained in
the in-flight investigation as a function of the measured equivalent short
term pitch attitude time constant.

Figures 1S through 17 present pilot rating data for the primary eval-
uation pilots (A, B, and D) as a function of the short term attitude response
time constant. Examination of these figures indicates that a trend with the
level of stability of the short term attitude response is apparent for Pilots
A and D. This trend is not readily apparent from the ratings of Pilot B.
There can be several factors that could influence this trend. Previously, the
influence of "learning curve" phenomenon was ciscussed in Section 4.1. Another
possible significant factor is the influence of the atmospheric environment
(e.g., turbulence). The influence of these factors on pilot rating is examined
in the next section.

4.3.2 Influence of Turbulence on Pilot Ratings

As described in Section III of this volume, the evaluation task in-
cluded examination of the airplane in turbulence. In an attempt to enable
each evaluation of a configuration to be performed at a prescribed level of
turbulence intensity, a special electronic circuit conbining "canned" turbu-
lence and measured turbulence was used and is described in Volume II,
Section IV. The actual turbulence environment (measured plus "canned") for
each evaluation was examined at the completion of the ia-flight program and
is tabulated in Section IX, Volume II. The actual data indicates a large
variability in the tuibulence'intensity for the same Lonfiguration ovaluated
on different flights by the various pilots. Gust rms values were calculated
from the time histories of the recorded turbulence environment for each of
the approaches performed during the evaluation of a given configuration
(Volume I1). The maximum value of the total velocity gust rms (0v9,..,,)
for the different approaches was considered to be a reasonable index of the
actual turbulence environment on a particular evaluation. Figure 18 presents
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TABLE VI

PILOT RATING AS A FUNCTION OF SHORT TERM

EQUIVALENT PITCH ATTITUDE TIME CONSTANT

I I Pilot Rating

Configuration 'r. A B I C D

2 .278 4D 7;10(5;8) - 6-7

3 .167 6-7D 6 9;lOF 5;6D
4 0 Sc 5;7D - 7-8E

S .385 1OE - 10;10F 7D(IOF)

6 .111 SC(4.SC) 5;10(6E) 6;8D 8C(6D)

7 .061 6E 7;8C 6D 9F(7D)

8 0 SA 7;8D - SC

9 .164 6.5D 6 - 7(5.5C)

10 .167 SD 5;9C - 7D

11 0 SD(6B) - - 6D

12 .385 1OF 6-7;1OD - -

14 .400 4C - - 6D

15 .068 6B - SC 7.5D
16 .385 1OE - - 1OF

17 .455 5;8C - 6D

18 0 6D 7;10 - -

19 .500 - - - lOP

NOTE: The equivalent pitch time constant was measured from
attitude response to elevator (Appendix II)
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the pilot ratings and the turbulence effect rating for each configuration as
a function of the dv 9 ,,y . For each configuration a trend line indicating
turbulence influence on pilot rating is presented. The trend effect with tur-
bulence was weighted by the influence of the "learning curve" (e.g., added
emphasis in the determination of the trend lines was placed on repeat eval-
uations). From these trend lines a compensated pilot rating was determined
for all configurations at two values of •V9 .ly . A value selected to indi-
cate moderate turbulence was 3.0 feet per second, while a light level of tur-
bulence is represented by IvqM#, = 1.5 feet per second. In general these
values tend to agree with the pilot commentary on the level of turbulence.
Figures 19 and 20 present the compensated pilot rating obtained from these
trend lines as a function of the airplane parameters-varied in this program
for the statically unstable configurations.

4.3.3 Examination of the Effects of the Stability' Derivative Variations
on the Compensated Pilot Ratings

This section will describe the trends in pilot rating as a function
of the specific stability derivatives varied in this program based on the data
presented in Figures 19 and 20. The specific items presented are as follows:
(1) the influence of Cmx on pilot rating, (2) the influence of back-
sidedness (reduction of eDp. ) on pilot rating, (.) the influence of pitch
damping ( 0',,w + C oe ) on pilot rating, (4) influence of nonlinear Cm.
effects on pilot rating.

(1) Pilot rating appears to relatively insensitive to variations
in C,# until the short term attitude response becomes unstable. As C,, is
made more unstable from the value which yields 1/7-2. = 0, the pilot rating
significantly degrades for the moderate level of turbulence. For relatively
light turbulence a higher value of instability could be obtained before the
pilot rating indicates a signif4.cant degradation.

(2) In general, pilot rating improved slightly when the configuration
was placed in the bucket of the power-required curve at the approach velocity.
This tendency is more apparent for the moderate level of turbulence than for
the light turbulence level.

(3) When pitch damping was increased, at constant values of the time
to double amplitude determined froni the unstable aperiodic root of the longitu-
dinal characteristic equation, a tendency for pilot rating to degrade is noted.
However, if Cm,, were not varied with C?" + m& ) to maintain a constant
time to double amplitude of the unstable rooA, then an improvement in pilot
rating is indicated since the time, to double amplitude in this situation would
be increased.

(4) For the values of nonlinearity in the pitching moment as a func-
tion of angle of attack investigated in this program, there appears to be no
influence on pilot rating, although the nonlinearity may require some ad-
ditional pilot compensation to prevent the approach velocity from getting too
slow.
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4.4 PILOT RATING CORRELATION WITH THB TIME TO DOUBLE A1PilLITUDE
DETERMINED FROM THE LONGITUDINAL UNSTABLE CHARACTERISTIC ROOT LOCATION

In the previous pftragraphs of this section the influence of the param-
eters varied in this program on pilot rating was analyzed in. terms of a mea-
sure of the slugbishness of the pitch attitude response. Reference 13 reports
the results -)f experiments investigating the influence of time to double amp-
litude on pilot acceptability of minimum longitudinal stability for the lankilng
approach task. The time to double amplitude used in Reference 13 was deter-
mined from the location of the unstable aperiodic root of the linearized three-
degree-of-freedom longitudinal .-haracteristic equation. This reference recom-
mends a criterion of ;ix seconds time to double amplitude (72 3. This recom-
mendation was based upon a safety margin with respect to the data presented
in Reference 13. The data presented is a summation of pilot ratings in termsI
of a mean pilot ratin~g obtained -from various experiments on. fixed-bas3 sim-
ulators, moving-base simulators and Variable stability aircraft. Although the
author of Reference 13 p'.esents the pilot rating data as obtained from the

Cooper Scale; examination of Reference 14 indicates the pilot rating data isIactually based on the interim Cooper-Harper rating scale. The numerical pý'lot
ratings of the interir Cooper-Harper scale are identical to the pilot rating
scale used in this i~fgtinvestigation. Table VII presents the compensated
pilot ratings obtained in this investigation as a function of time to double
amplitude bassed on the line:~rized characteristic equation and measurement of
the angle-of-attack time h4V~ory to an elevator step.

Figures 21 and 22 'nrt~sent the results of the experiment conducted on
the TIP S airplane for mini, ongitudinal stability in terms of the time to
double ampl 4~t~e rharacte, by the unstable aperiodic root determined from
a linearization of the cou-.g.ui.-tions evaluated. The linearized transfer
functions for the 20 ctonfigurations evaluated are presented in Appendix I.
The time to double amplitude -is presented in Table V of this section, ON
Figures 21 and 22, the compensated pilot ratings for the various parameters

.varied in the experiment are presented. The effects of these piaramters have
been discussed in Section 4.5.3. In addition, a c-.Arve representing the mew%
pilot rating as- a function of 1"2 is illustrated. Figure 23 presents aco-
parison of the results of this investigation into minimum lcigi 'tudtnal stability.
ýfor a large del,ýa-wing transport with the results presented in Pefbrewnc 13.
From this cozpark~on a similar trend in pibot ratiiig is illustr'ated as3
iunction of tim- ttý double amplitude. The data of both prograims- indicato a
'ack of sensitivity of pilot rating with W*m to double rAmplitudle we is
greaiter thwA 6 seconds. The duta ubtainod in this program shous- g eate2r
sensittvit)y of pilot roLýtitng with rg below 6 secondi, howevor, for O~t:*Ao
1.5 second, exce1lcht curre~titon is obtaned betueen the vvsolts vtfth twO
progragm for tlie values of I', of primtry interest. Th@ aifti*Aa acceptable- bawl-

doy -opr-lim-por pilot rating *6-S) 0oCcurs at tt w 2S se-corits for both tht
data of Refer'cnce 13 and the light. turb'-dcnce dita of this i tgto.Thi
figure olso illostrates that the rkinimum accoptable botkdarV. (Coo et-1t4MeQI
pilot rating *6.5) occurs at a value of C 4.2S seond-, for the 7440ruto tur-
bulence intensity data obtained in this research program.
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TABLE VII

COMPENSATED PILOT RATING VS. TIME TO DOUBLE AMPLITUDE

Configuration Linearized Measured from Measured from Compensated Pilot
Icharacter- nose-up nose-down: Ratingf istic root elevator elevator
location input input = 3.0 6 =1.5

i//, - see-I V/rZo -sec '/7'2 a sec"c ft/sec ft/sec

2 .017 .139 .000 6 4.5-

3 .123 .161 - .100 6 5

4 .240 .242 .200 6.5 5

5 .500 .500 .500 10 7.5

6 .123 .250 .000 6 6

7 .240 .323 .119 7 6
8 * .123 .323 .000 6 5.5
9 * .240 .370 .000 6.5 6.5

10 .103 .141 .080 6 5.0

11 .217 .217 .1.75 6 6.0

12 .476 .476 .076 8.5 6.5

14 .122 .170 .110 s 5

15 .240 .238 .210 7.5 6

16 .502 .500 .500 10 10

17 .122 .208 .060 6.5 6.5

18 .240 .294 .140 7 7

19 .502 .555 .420 10 10

Configurations 8 and 9 time histories of angle of attack to
elevator input indicate a significant stabilizing trend with
time for a nose-down command.
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4.4.1 Pilot Rating Correlation with the Time to Double Amplitude
Measured from Angle of Attack Time History to Elevator Input

Table VII includes the time to double amplitude measured from angle
of attack response to elevator input (7, ). As previously presented in
Section II of this volume, the measured value of 7-. is dependent upon the
direction of control input. The trend in compensated pilot rating with 7g.
measured from control inputs in either direction is similar to the trend ob-
tained from correlation with T2 . However for minimum acceptable value of
time to double that might be used for a criterion can vary significantly. For
example, examination of the data in Table V (COv'eMA = 3.0 ft/sec) indicates

that for Configurations 2, 3, 4 and 5, the minimum acceptable boundary (Cooper-
Harper pilot rating - 6.5) occurs at a value of 72  = 4.13 seconds for a nose-
up elevator input, and a value of 7;, = 5.0 seconds for a nose-down elevator
input. The error in the values of 7"2  becomes larger when pitching moment
nonlinearities with angle of attack are present (e.g., Configuration 9). Thus,
although the time to double amplitude measured from angle ofattack response to
elevator could be used as a criterion for minimum acceptable longitudinal sta-
bility, a flight compliance test should consider the direction of control input.

4.5 SUMMARY OF PILOT COMMENTS

Configuration 1 Pilot B Flight 182-2

Pilot Rating/Turbulence Effect Rating 2C

The airplane was a very simple one because it was statically stable
but it wasn't obvious whether the airplane was in the bucket of the power-
required curve. The airplane felt a little too springy. More pitch rate
damping would have been desirable.

Configuration 1 Pilot C Flight 199-2

Pilot Rating/Turbulence Effect Rating 2B

The airplane appeared stable and was relatively easy to trim. The
induced diag was quite apparent. The airplane appeared to lose airspeed quite
rapidly with small increases of angle of attack or load factor. Adjustments
were made to the glide slope with throttle, and airspeed was maintained with
pitch attitude. The sink rate prior to touchdown seemed to break itself with
very little flare. The required input was an .ncrease in stick force to wain-
tain the attitude.

Configuration I Pilot D Plight 185-1

Pilot Rating/Turbulence Effect Rating SD

Difficult to control flight path without excessive airspeed excur-
sions. Short period response predictable and fattly good, control of pitch
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attitude pretty good. Throttle used in conjunction with pitch angle to control
altitude and rate of descent. Considerable pilot compensation required to con-
trol flight path in the IFR approach. Turbulence induced flight path errors
that were difficult to correct.

Configuration 2 Pilot A Flight 167-2

Pilot Rating/Turbulence Effect Rating 4D

The pitch had a slow and light instability. The increased workload
wasn't very much because the divergence was relatively slow. Airspeed was
more of a problem than the pitch control. The turbulence was causing as much
or more of a problem than the divergence. The backside of the power curve was
causing the problem more than the pitch.

Configuration 2 Pilot B Flight 181-1 (184-3)
Pilot Rating/Turbulence Effect Rating 7;10 (5;8)

The airplane wasn't really trimmable and it had no divergence. Maneu-
vering was reasonably precise. Airspeed caused the greatest problem on the
glide slope. The flare and touchdown was bad because of the ground effect, the
turbulence, and the downwind landing conditions. Also, the elevator control
power was too little in the flare.

Configuration 2 Pilot D Flight 168-2

Pilot Rating/Turbulence Effect Rating 6-7

Pitch response sluggish, had to fly tight on pitch attitude. Airspeed
control adequate, requires a lot of thxottle to keep on airspeed in turns.
Airplane a "handful" to control in turbulence.

Configuration 3 Pilot A Flight 166-1
Pilot Rating/Turbulence Effect Rating 6-7D

The rate of divergence was low to moderate. A normal input was used
to start the nose pitching and then a reversal to stop it. The high induced
drag was evident because of the fairly high decay of airspeed when maneuvering.
Airspeed control was a problem during some of the approaches. The performance
workload in the flare and touchdown was too high because of the phugoid.

Configuration 3 Pilot B Flight 184-1
Pilot Rating/Turbulence Effect Rating 6

The airplane was fairly divergent and wanted to pitch up a little
more at higher angles of attack than at the trim speed of 160 knots. The
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divergence could really be felt when maneuvering. The sluggishness could be
compensated for by putting large inputs in and taking them out again. This
pumping effect helped the performance in the flare and touchdown.

Configuration 3 Pilot C Flight 201-2
Pilot Rating/Turbulence Effect Rating 9;10F

The airplane diverged very easily and quickly. Attitude control be-
came quite difficult because of the moderate turbulence. Airspeed control was
quite difficult because of the high induced drag. Control technique and work-
load in the flare was very difficult. The primary reason for the rating was
because the airplane diverged very rapidly and required continuous and very
rapid pulses to hold the attitude. The workload had almost reached the point
of complete saturation.

Configuration 3 Pilot D Flight 203-2

Pilot Rating/Turbulence Effect Rating S;6D

Sluggish pitch response, particularly objectionable during flare and
touchdown. Configuration is a little unstable in pitch and appears to be
bottom side except at low speeds. Airspeed control requires some attention
but does not seem to depart, reduces pilot workload.

Configuration 4 Pilot A Flight 198-1

Pilot Rating/Turbulence Effect Rating 5C

The divergence was light to moderate. Off-trim airspeed, the rever-
sal of the stick force was an objectionable behavior. Airspeed control re-
quired a fair amount of attention. The instability caused a minor increase
in workload. A doublet was usei to control the pitch instability.

Configuration 4 Pilot B Flight 179-3

Pilot Rating/Turbulence Effect Rating 5;7D

The airplane has a divergence but it didn't seem to be too rapid since
pitch attitude was reasonably managed. The pitch angular acceleration was
too small to fly a very tight loop. There was an unstable drag speed relation-
ship. The landings were reasonable since there was some control through the
approaches-and landings.

Configuration 4 Pilot D Flight 186-1

Pilot Rating/Turbulence Effect Rating BE

Controllability in flare requires a lot of lead to control flight
path. Airplane pitch instability is noticeable, however, good performance is
achievable IFR if tight on attitude indicator. Nust. control airspeed errors
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promptly. Tradeoff control of touchdown point for control of sink rate at
touchdown. Turbulence definitely degrades configuration.

Configuration 5 Pilot A Flight 192-1
Pilot Rating/Turbulence Effect Rating 10B

The airplane was constantly attempting to get away in pitch. There
was a fairly high stick force gradient in the unstable side but it made trim-
ming easier than some of the other configurations. The airspeed decayed very
fast in a turn because the induced drag was quite high. Pitch control was
primary in this configuration.

Configuration 5 Pilot C Flight 201-3

Pilot Rating/Turbulence Effect Rating 10;10P

Maneuvering about level flight required very rapid and very large
pulses to maintain any satisfactory degree of attitude control. The drag in-
crease with the g's was very large. Airspeed control was a little difficult
partly because of the intense concentration required for attitude control.
Flare and touchdown was literally an impossible task 99% of the time.

Configuration 5 Pilot D Flight 187-1 (203-3)

Pilot Rating/Turbulence Effect Rating 7D (10P)

The following comments apply t- a flight with good visibility and very
little turbulence. Workload high. Requires tight attitude loop IFR and a lot
of elevator lead to control pitch attitude at touchdown. Poor control of touch-
down point. Aircraft appears to be bottom of the bucket, control of airspeed
is adequate but demandin&.

For an approach in increased turbulence, the following comments apply.
Airplane very demanding in terms of workload. Requires a lot of manipulation
of elevator to keep attitude bounded and a lot of throttle manipulation to
bound airspeed. Required grossly abnormal elevator for flare and touchdown
control.

Configuration 6 Pilot A Flight 165-1 (170-3)

Pilot Rating/Turbulence Effect Rating 5C

The airplane was unstable in a different way because it hesitated
before "creeping" on-off and it-was insidious. Turbulence was causing as much
a problem as the instability. Keeping the airspeed low was troublesome. The
elevator had to be worked up and down like a bilge pump. The workload in the
pitch task was increased but not much. In the flare there was a lag in the
effectiveness of the elevator.
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Configuration 6 Pilot B ýFlight 178-1 (182-1)

Pilot Rating/Turbulence Effect Rating 5;10

The airplane seemed to have a miid divergence. The approach required
considerable attention but the amount wasn't too much greater than a normal
approach in a more conventional airplane in rough air. The back side of the
power was quite evident. Airspeed and attitude management were constantly
distracting me. The major problem was in the flare and touchdown. The ap-
proaches were reasonable but the flare and touchdowns were not and would have
resulted in crashes.

The divergence was very small but the most objectionable feature was
speed power management which was unstable. There wasn't any trouble with the
ground effect moment and there was a good feeling for the flare and touchdown.

Configuration 6 Pilot C Flight 201-1

Pilot Rating/Turbulence Effect Rating 6;8D

The airplane appeared quite unstable and once a pitch rate developed,
it diverged fairly rapidly. Considerable attentiun was required for pitch
control. Airspeed control was a little bit difficult in that, if the nose
was lowered slightly, the airspeed built up an extra 10 knots in a very short
period of time. The workload in the flare was quite high. The only satis-
factory way to land the airplane was to lock in the attitude and change nothing
during the last 100 feet.

Configuration 6 Pilot D Flight 171-1 (202-1)

Pilot Rating/Turbulence Effect Rating 8C

Difficult to control pitch attitude in flare and touchdown. Pitch up
tendency when slow, requires attention to control airspeed. Airplane appears
in bucket for small speed changes. Required tight loop on climb rate in turns;
attitude control is not enough. Requires tight pitch control on glide slope,
which interferes with control of heading, etc. Sluggish pitch response espe-
cially in flare and tove.hdown is objectionable.

Configuration 7 Pilot A Flight 167-1

Pilot Rating/T'ubulence Effect RatinC 6E

The divergence was moderately fast. Maneuvering about level flight
required a moderate amowit of increased workload due to the pitch instability.
The .airplane had a fairly high induced drag. Airspeed was a problem and it
would got off m.or on the low side than the high. However, on the glide path,
the problem was keeping the airspeed from increasing. On-this flight, the
technique of just breakit'g the sink and letting the airplane fly into the
groxtd was used for the first time.
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Configuration 7 Pilot B Flight 184-2

Pilot Rating/Turbulence Effect Rating 7;8C

The airplane had very little divergence about the trim airspeed but
it tended t. diverge more at the higher angles of attack. Maneuvering sta-
bility was negative. Workload in the flare was a problem. Adequate elevator
power to produce a flare and overcome the ground effect was not available.
Speed stability was bad and speed management on the backside was a problem.

Configuration 7 Pilot C Flight 200-1

Pilot Rating/Turbulence Effect Rating 6D

The airplane appeared to be mildly divergent. Workload became no-
ticeably heavy because of the increased scan rate required to prevent the
attitude divergence. Airspeed control was moderately difficult. On the slow
side the airspeed tended to bleed off fairly rapidly because of the increased
induced drag. The control technique for power management was holding attitude
to maintain airspeed.

Configuration 7 Pilot D Flight 168-1 (203-1)
Pilot Rating/Turbulence Effect Rating 9F (7D)

High workload configuration IFR requires constant cross check on air-
speed and pitch attitude, particularly to stay on glide slope. Must anticipate
glide slope interception. Substantial manipulation of elevator required to
control pitch attitude in flare, with frequent throttle corrections for con-
trol of speed. Pitch has tendency to diverge, difficult to trim. Pitch con-
trol is poor due to sluggish response, some concern about controllability in
flare and touchdown.

Configuration 8 Pilot A Flight 191-i

Pilot. Rating/Turbulence Effect Rating SA

The airplane was a little bit unstable, A little more workload was
required because of the low divergence rate. A little airspeed was-lost when
turning but airspeed was no big problem. Pitch control was probably most de-
graded because of the tendency to wander in pitch.

Configuration 8 Pilot B Flight 1.80-1

Pilot Rating/Turbulence Effect Rating 7;8D

Too much attentiort was requires in both pitch attitude and speed
management; primarily speed and power manag~ment were difficult because of
the backside kind of operation, The ailplane didn't respond quialyk? enough
but if the control power were highivr it might have-boon easier to manage. The
basic pitch response was poor and was the oveririding consideration, partic-
ularly in the flare.'
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Configuration 8 Pilot D Flight 186-2

Pilot Rating/Turbulence Effect Rating SC

Airplane is sluggish in pitch, appears to be in the bucket for small
speed changes. Some pitch instability but not significant. Maneuvering forces
very light. Strong nose-down tendency in ground effect, which is difficult to
control. Control of airspeed requires attention but is not a high workload
item.

Configuration 9 Pilot A Flight 199-1

Pilot Rating/Turbulence Effect Rating 6.5D

The airplane had kind of a moderate instability. Airspeed control
was a fair amount of trouble because of the induced drag. More emphasis was
placed on ;he attitude indicator because of the pitch divergence.

Configuration 9 Pilot B Flight 183-2

Pilot Rattng/Turbulence Effect Rating 6

The airplane had a slight divergence that appeared to be a little
worse at higher angles of attack. At lower speeds, the divergence was a little
more dangerous. The maneuvering stability seemed to be negative. Speed man-
agement was fairly simple. The instability at the higher angle of attack
helped to fly the airplane through the ground effect on touchdown,

Configuration 9 Pilot D Flight 176-1 (188-1)

Pilot Rating/Turbulence Effect Rating 7 (5.5C)

Airplane is sluggish in pitch, and airspeed is slippery causing dif-
ficulties in airspeed control during IPR flight. Pitch control in flare and
touchdown to control sink rate, etc. requires strong attention. Tendency to
PIO during flare and touchdown.

Configuration &0 Pilot A Flight 170-2

Pilot Rati.*g/Turbulence Effect Rating SD

The airplane had a very slow divergence, Airspeed wasn't too big of
Sproblem. Pitch control caused a little more work. The pitch instability
caused more. attention to be pa, d. to the attitude indicator.
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Configuration 10 Pilot B Flight 179-2
Pilot Rating/Turbulence Effect Rating 5;9C

The airplane was slightly divergent at a fairly slow rate and didn't
seem to have any nonlinearities in the pitching moment curve. The speed di-
vergence seemed to be negligible and so it was in the bucket. Maneuvering
stability was neutral to unstable. The ground effect caubei the greatest dif-
ficulty and the airplane wasn't under control below 50 feet above the ground.

Configuration 10 Pilot D Flight 172-2
Pilot Rating/Turbulence Effect Rating 7D

Difficult to correct flight path errors close to ground due to slug-gish pitch response and PIO tendency. Airspeed control is good. Divergence
in altitude open loop, but in maneuvers it appears as just a sluggish response.
Control in flare requires tight control of pitch attitude, need to detect
incipient pitch rates, and make immediate corrections to keep error small.
Large corrections tend to cause trouble.

Configuration 11 Pilot A Flight 166-2 (191-2)
Pilot Rating/Turbulence Effect Rating SD (6B)

The airspeed wasn't too much of a problem on the approaches. The air-plane has a very slow divergence in pitch. Pitch attitude had to be watched
a little more than normally. Holding a constant attitude in ground effect was
difficult because the pitching moment at the last caused the nose to start
down. The turbulence excited the instability and caused all kinds of problems.

Configuration 11 Pilot D Flight 187-2
Pilot Rating/Turbulence Effect Rating 6D

Airplane has a relatively slow divergence raze in pitch, and feels
sluggish in response to corrective pitch inputs. Hard to control pitch atti-tude in flare and touchdown. Sluggish pitch response requires pilot to over-
drive using fairly large contiol inputs. Airspeed Control is tuch less a
factor in pilot workload; however, control of airspeed is demanding in turns
and when making altitude changes.

Configuration 12 Pilot A Flight 165-Z
Pilot Rating/Tutbulcnte Effect PRting 1OF

Tho airpl.nc, vas pretty uo~tabke and nosedown was worse than noseup.
Attitud. control was the primray concern. The airspeed vontr•i wAS06t a prob-
1cm. Turbulence extited the instability and the doublet trhnique was- used to
stop the pitchintg rtion. The-rtmneuvoring forces were h.aid to eo-. The stops
were hit on the eclevator in ground effect.
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Configuration 12 Pilot B Flight 179-1

Pilot Rating/Turbulence Effect Rating 6-7;1OD

The airplane was extremely sluggish And divergent. Maneuvering sta-
bility was effectively negative. Speed management was probably thn best thing
about the whole configuration. The biggest problem was encountered in ground
effect controlling pitch attitude rates in the flare. Touchdown management
was iaitolerable and each landing would have resulted in a crash.

Configuration 13 Pi1. A Flight IQ8-2

Pilot RatUg,!Ti..rlb ulence Effect Rating 3C

Attitude control was relatively easy. The sti.ck forces in a turn
were fairly substantial. The airspeed control was no problem. The trim change
in ground effect was marked because the forces were so much higher than other
configurations.

Configuration 13 Pilot B Flight 178-2

Pilot Rating/Turbuience Effect Rating 1-2

The airpla'.ýe was stable. Moneuvering stability was reasonably high;
in fact, it was quite high. The airplane had positive longitudinal stability
and no PlO in the flare due to ground effect. Power management was simple.

Configu.'ation 14 Pilot A Plight 169-1

Pilot Rating/Turbulence Effect Rating 4C

The airplane appeared to be ju•,t a little bit unstable. N',.titude conR-
trol was a minor problem but airspeed was a fair problem. A lot of throttle
was required to recover the airspeed so it looked like high indic.-d drag. Th,
pitch task had minimal effect. The b;. work&'ad problem was powex w:.ntrol for
airspeed,

Configuration 14 Pilot. D Flight 188-2

Pilot Kating/Tuibulence •iffect Rating 60

Airplane appears to be bottom-side f-cept at low speads. Pitch re-
sponst h! sluggish to control WIput, and appears to be.slightly unstable at
high speed and notileably unstable at low speeds. Has a definite pitch-up
tendncy, at low speeds. Tendency to get high and fast. correcting glide slope
errors. Mtst generate lcad one overdrive elevator to Zontrol flight- path during
flare mid touchdoQwn. tndenacy to land long (float) in order to achieve a rca-
snuole sink rate.
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Configuration 15 Pilot A Flight 197-1

Pilot Rating/Turbulence Effect Rating 6B

The airplane had a moderate instability but it didn't diverge real
fast. It sýmed to be well damped. The nose didn't take off immediately but
it built up to a fairly moderate pitch rate. Although the eirspeed control
was relatively easy, there was a lot of induced drag. A combination of visual
and instruments foz the flare and landing was used to keep the pitch attitude
around 100.

Configuration 15 Pilot C Flight 200-2

Pilot Rating/Turbulence Eff.ct Rating SC

The airplane tended to diverge fairly rapidly but was easier to con-
trol. Pitching rate was easier to stop when a divergence occurred. When-the
nose was pushed over to get on the glide slope, the airspeed increased very
rapidly. The pitch divergence was much more gradual initially for the first.
degree or so and so it was easier to control. Control travels for minor pitch
corrections were a little more than desirable for a transport aircraft.

Configuration 15 Pilot D. Flight 202-2

Pilot Rating/Turbulence Effect Rating 7.SD

Airplane is objectionable, has a pitch instability, and appears to be
on backside of power curve. Rather difficult to achieve trim. Pitch response
is sluggish. Must monitor attitude and descent rate very closely to stay on
glide slope, Considerable power management required to control airspeed. Slug-

gish pitch response in flare and touchdown particularly is most objectionable.

Configuration 16 Pilot A Flight 169-2

Pilot Rating/Turbulence Effect Rating 10E

The airplane has a strong instability and it was on the backside,
Anything that was done even in level flight required a lot of attentiorn to the
attitude indicator. The pitch attitude required most of the increased work-
load but the airspeed was also causing problems. ThW technique of dropping
below the glide sl•e so as not to get into a PTO in graud effect was used.
Everything was degraded because mast of the tie wa, spent aintaining an
attitude and trying to keep tho airspeed under coatrol.

Couifiguration 16 Pilot 0 FPlght I11-2

Pilot Rating/Turbulence Effect Rating lOp

Airplane is very wstable. Very difficult to ac-hieve triO. T~-uev€cy
to PTO in attitude; airspeed And altitwde ccntrol' is very difficult. Requires
cantinuous closed loop control in pittc, Workload vary, ver, high. Airplane
characoeristics degrade all taWks associatcd with-the fiss$on.
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Configuration 17 Pilot B Flight 183-1

Pilot Rating/Turbulence Effect Rating 5;8C

The airplane was on the backside of the drag curve. Speed control was
difficult and required extensive throttle manipulation and management. There
was some divergence nose up but there didn't appear to be any nose down. The
approach wasn't a great problem but the flare and touchdown was because of the
inability to control descent rate in the flare.

Configuration 17 Pilot D Flight 176-2

Pilot Rating/Turbulence Effect Rating 6D

Airplane appears to be nonlinear. Turn is relatively easy to achieve
except that it does require tight attitude stabilization. Response is sluggish
in pitch and airspeed control is difficult. Difficult to control attitude and
glide path in flare unless glide slope error is small. High work:load to con-
trol airplane in flare. Control of pitch attitude is easier than airspeed
during approach. Diffic-:lt to detect ground effect until after attitude has
started to change.

Configuration 18 Pilot A Flight 192-2

Pilot Rating/Turbulence Effect Rating 6D

The airplane was unstable statically and aperiodic in the motion.
T" 1 neuverina forces were very light and the configuration tended to pitch
u .a an attempt was made tG get a given g. Maintaining g in a turn was
difficult.

Configuration 18 Pilot B Flight 181-2

Pilot Rating/Turbulence Effect Rating 7;10

The airplane had a nonlinear pitching moment with the pitch up ten-
dency becoming greater as the airspeed got slower. The unstable pitching mo-
ment as the speed went below trim was the most objectionable feature. Speed/
power management was too wild. The speed control problem wa3 very dangerZus
on the approach.

Configuration 19 Pilot D Flight 176-3

Pilot Rating/Turbulence Effect Rating 1OF

Airplane is quite unztable in pitch and air'4peed. Very difficult to
trim, almost impossible. Attitude and airspeed con..rol is just as difficult
IFR as it is- visual. Task perfornm.ce is very, very poor and workload very,
vere high. Pitch attitude control requires as tight elevator conti'ol as pos-
sible with as much lead as pilot can generate. Control of attitude in flare
reqtdres stop-to-stop coluum travel.
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Configuration 20 Pilot A Flight 170-1

Pilot Rat'-s/Turbulence Effect Rating 3C

;ý, airplane was pretty easy to fly. Airspeed control wasn't any
problem and the workload was minimal. The configuration was good enough that
the only problem was the laterel-directional. There was a little bit of
trouble in the flare due to overcontrolling and porpoising at the end of the
flare.

Configuration 20 Pilot D Flight 172-1

Pilot Rating/Turbrlence Effect Rating 4C

Pitch response relatively prompt and predictable. Fairly easy to
trim. Flare and touchdown required large control forces and altitude response
is somewhat sluggish. Airspeed control requires some attention but it not a
significant problem. Rudder coordination in turns becomes objectionable due
to large rudder breakout force.
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SECTION V

SL04MARY AND CONCLUSIONS

An in-flight simulation and evaluation of minimum longitudinal sta-
bility for large delta-wing transports in the landing approach flight phase
was conducted using the USAF Total In-Flight Simulator (TIFS). The capability
of the TIPS airplane to simulate large delta-wing jet transports in landing
approach conditions, including ground effect and touchdowm, was (clearly demon-
strated. The mechanization of this simulation required the use of techniques
to compensate for the pitch attitude difference between the TIPS airplane and
the configurations investigated during the approach task. The technique al-
lowed the motion at the evaluation pilot station to be faithfully simulated.
Techniques were also developed to simulate representative evaluation tasks
including crosswind, lateral offset and glide slope errors. The pilot eval-
uation was based upon performing the entire landing approach mission, in-
cluding localizer interception, glide slope tracking on instruments to visual
breakout at 300 feet and flight under visual conditions to a simulated touch-
down. A summaiy of the results and conclusions obtained from this research
program is presented as follows:

(1) In general, the most critical task appeared to be longitudinal
control in flare and touchdown. The major difficulties were related to the
sluggish pitch attitude response and the high elevator activity ("pumping")
required to control. flight path in ground effect. The specific nature of the
ground effect that i.as simulated introduced a strong pitch down motion which
appeared to have a significant effect on the pilots' control difficulties in
flare and touchdown. The ground efect used in this simulation was based upon
data supplied by the FAA for a large delta-wing transport aircraft. The pilot
ratings obtained in this program may be strongly influenced by the simulated
ground effect.

(2) Tight attitude control was required to fly the mission for all
statically unstable configurations. In flare and touchdown the pilot control
technique required large pumping motions of the elevator to control attitude.
On several approaches, the degrading influence of ground effect appeared to be
reduced by ducking under the normal glide slope and flying a shallower flight
path angle prior to touchdown.

(3) The general improvement in pilot rating and performance for
similar configurations during the progress of the experiment indicates the
possibility of a "learning curve" phenomenon. Thus the level of pilot training
in controlling unaugmented large delta-wing transports in ground effect may
have a significant effr t on the ability to achieve acceptable touchdown per-
formance.

(4) The experiment was conducted during day time, VFR conditions,
with IFR c;uditlons simulated. For those flights when visibility was re-
stricted after breakout, pilot perception of attitude cues was diminished and
resulted in an increase in pilot workload and a degradation in touchdown per-
formance. Thus landing unaugmented large delta-wing transports under decreased
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visibility and night time conditions could adversely affect pilot workload and
control in the flare and touchdown.

(5) As the level of longitudinal instability was increased, turbulence
effects became more significant on pilot workload, pilot performance and the
acceptability of a configuration for the task. Specifically, the minimum ac-
ceptible boundary (Pilot Rating of 6.5 on the Cooper-Harper scale) determined
iii this investigation occurs at a Tz = 2.5 seconds in light turbulence

ay, = 1.5 ft/sec) and at a 7-Z = 4.25 seconds for moderate turbulence
= 3.0 ft/sec).

(6) For the statically unstable configurations evaluated there appears
to be no significant improvement in pilot rating as Y2  is increased above 6
seconds for both light and moderate turbulence. There appears to be a signi-
ficant degradation in pilot rating as TZ is decreased below 6 seconds. In
general, these trends are consistent with the data described in Reference 2.

(7) For those configurations evaluated with a reduction in induced
drag (airplane placed in the bucket uf the power-required curve at the approach
airspeed), a slight improvement in pilot rating was noted. This effect was
more significant in moderate turbulence than in light turbulence and is re-
lated :' a reduction in pilot workload to control airspeed on the approach.

(8) For the "backsided" configurations evaluated with nonlinear
pitching moment effects, the pitch up tendency and increased longitudinal
inFscability below trim speed was considered objectionable. Pilot attention
to airspeed control was increased to avoid this objectionable behavior, how-
ever, no significant influence was noted on pilot rating.

(9) When ( 0,# + C•n ) was increased with 7, held constant, a slight
degradation in pilot rating wis noted. However, the data obtained indicates
that an improveiment in pilot rating would result from an increase in (6?0+

4 ) at constant angle-of-attack stiffness (C,), i.e., T increased.z

(10) An analysis of pitch attitude response to elevator commands in-
dicated that the short term nature of pitch attitude can be examined by a con-
stant speed short period approximation. For values of static instability above
the value which yields a neutrally stable short term attitude response, the
pilot rating degrades for moderate turbulence. For relatively light turbulence,
a higher value of instability of the short term attitude response is achievable
before pilot rating significantly degrades.

(11) There does not appear to be a direct correlation between pilot
rating ý individual touchdown performance parameters such as sink rate,
touchdow• cance, pitch attitude at touchdown and airspeed at touchdown.
However, the data does indicate that as longitudinal control became more dif-
ficult in the flare and touchdown task, the pilot would permit degradation in
all other touchdown parameters (e.g., increase in touchdown distance) in at-
tempting to achieve a reasonable sink rate at touchdown.
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(12) The time to double amplitude measured from angle of attack re-
sponse 7.20e ) to an elevator input appears to be quite sensitive to the di-
rection of control input especially for configurations with nonlinear aero-
dynamic derivatives.

(13) The results of this investigation are believed to be significantly
influenced by the characteristics of the simulated ground effect, sluggishness
of pitch response to elevator commands, pilot training and reduced visibility
in the flare and touchdown.
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APPENDIX I

CONF IGURAT IONS

AERODYNAMICS OF THE CONFIGURATIONS

As discussed in Section II, the basic configuration as represented
by the six equations of motion shown in Section II of Volume II, were
modified to form the 20 configurations of the experiment. A more detailed
description, of the aerodynamics is presented in Section III of Volume II.
The longitudinal equations can be written in the following generalized format:

6L= Co*K Cj*• +C[CDC•+CCL & +CL8e]

2

#F(CI)KDCL •+AL,•, = Co0 + * K .Ci ,& 4- (C• i , * + CD . S'p'

Cm CIO + C1m, C'+cs 8e+

•Ce

Table I-I presents the variation of the stability derivatives for
each of the configurations evaluated. For the three stahle configurations,
numbexs 1, 13 and 20, the elevator control sensitivity was increased from thebasic value of -0.00342 to -0.007 to provide the evaluation pilot with
sufficient longitudinal control in ground effect. Also, the Csb derivative

was set to zero for all the con gurations. All the other changes were made
for one or more of the following reasons;
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1. To vary the-time to double amplitude

2. To modify the linearity of the CO, versus 4 curve
around the trim point.

3. To change from the backside to the bottom of the power
required curve, and

4. To increase the pitch damping (C,,, + C to five times
the normal damping.

DIMENSIONAL STABILITY DERIVATIVES

Table I-II lists the longitudinal dimensional stability derivatives
and the control derivatives out of the influence of ground effect for each
of the configurations evaluated in this research Program. It should be
noted that the seven configurations characterized by the nonlinear variation
of pitching moment with angle of attack have identical dimensional stalility
derivatives as the linear configurations with the same time to double
amplitude of the unstable root.

Table I-III presents the lateral-directional dimensional stability
derivatives and the control derivatives that were used for all twenty*
configurations of this experiment.

In Table I-IV are shown the variations of the longitudinal
dimensional stability derivatives due to ground effect for Configurations
3, 4 and S. These particular configurations were selected because they
were indicative of the range in 7Z of the unstable mode. The data were
computed at six different c.g. heights, namely 400, 200, 50, 25 and 16 feet.
Since the c.g. is located approximately 14.5 foet above the ground, then
the lowest height corresponds to the wheels of the main landing gear being
18 inches above the runway.

CHARACTERISTIC MODES AND TRANSFER FUNCTION NUMERATORS

Table I-V lists the characteristic modes and the /=/
and VISe transfer function numerators for all the configurations of this
experiment. Because the data were obtained from the linearized dimensional
stability derivatives of Table I-If, only 13 unique variations are presented.

DIGITAL RESPONSE TO STEP ELEVATOR INPUTS

Figures 1-2 through 1-4 present selected groups of digital responses
to a one degree step elevator input in the nose-up direction. The parameters
shown, 6(y, , 1 C , 4V and A?? were computed at the
center of gravity position of the model.
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The grouping of the time history sets was not done in a numerical
sequence by configuration number but in a special pattern. This procedure
was followed to facilitate the comparison, as much as possible, between the
set of responses of a configuration that was different by just one variable
with sets of responses of another configuration that was to the left or
right or above or below. For example, the time history set for Configuration
4 which was a t of 4 seconds was located between the time history sets
for Configuration 3 with a '7- of 8 seconds and Configur&tion 5 with aT,
of 2 seconds. Furthermore, Configuration 4 which was on the backside of
the power required curve was situated above Configuration 11 which was
on the bottom of the power required curve and, like Configuration 4, also
had a rz of 4 seconds.

72



A

ww'I) 
LL

IwQ Ll lb4 wV

2 a 
4CLLUAw )- > O

§ 9999sQC

Qcq qq qq - - -
IonU

-0

LPh

wo w

R M a
: t 1

3 iD 0

? 73

* * Nh



2U w

I- f

2n t!

0 
-n

am w 1 ~

cr A s' A

2 L2i

~~P m

o 2u

~ NM N 74



2N

U 
N

L) U,

co CA N cc

1. 

14S

w 

-0

-

-7S

-ai
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APPENDIX II

REVIEW OF CLASSICAL STABILITY CONCEPTS

The purpose of this section is to review some basic conzepts of
stability and control and to apply these concepts to the airplane configura-
tions evaluated in this research program. The following paragraphs will
review such concepts, for example, as static stability, maneuver margin,
dynamic stability, time to double amplitude, and flight path stability.

LINEARIZED EQUATIONS OF MOTION

Prior to a discussion of the various Gtability concepts, it is of
value to establish a definition of the terms to be reviewed, and the defin-
itions of the various stability and control derivatives that will be used.
In order to accomplish this, it is first necessary to cast the equations of
motion into a form that illustratos the definitions of the stability and
control derivatives. This is accomplished by a linearization (first order
perturbation analysis) of the equations of motion. Since the subject of
interest is longitudinal stability, only the linearized form of the longi-
tudinal equations will be presented.

DUAG EQUATION

where

Do- -Co

,,, r5 j.o{. ÷80
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where -Dt s

and , cD represent these derivatives linearized about the
06" particular trin condition ( , Ise.)

LIFT EQUATION

e 2  4 6e +~ ZJ A(1.2)

where

-o L sc. -
V ;v- -
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5 ~ +T Cos (a. 1. , ) + ~s'

Z ~ ~ýe si -IX T),3( ~C~c~

whore - o r, T 'im(c

PITCHING MOMENT EQUATION

46; - A 6 -mv AV- MaA cý- M, '*Ic-ax

where

tyyv

y Y
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where

GENERALIZED CRITERION FOR STATIC LONGITUDINAL STABITr-Y

As dis---:sed in Reference 1, the most generai critericn for static
longitudinal stability is not pitch stiffness, but the constant term in the
longitudinal characteristic equation. The vanishing of this term yields a
neutrally stable airplane, and when the constant term is negative a divergence
occurs and the airplane will be statically unstable. It can be shown, based
on the equations just presented, that the constant term of the longitudinal
characteristic equation is:

(11.4)

An aperiodic divergence can occur even for the aircraft with positive pitch
stiffness &Cw, ' o) when the thrust offset produces a destabilized effect
(C ,"n t o . Thus the rate oel divergence of this aperiodic mode of response

(time to double amplitude) is a general measure of the static longitudinal
stability. From the linearized equations of motion, solution of the charac-
teristic equation will yield the root locations (poles) which will characterize
the subsequent motion of the airplane The presence of a root in the right-
half part of the 's'-plane is associated with the negative value of the
constant term of the characteristic equation, and the timie to double amplitude
(72) can be defined as T, where A is the magnitudo of tho
unstable root. lhilo this concept is relatively easy, the difficulty occurs
in attempting to measure this quantity when the motion. of the airplane is
forced by a speciflc control input. From the transfer functitn information
pro•ented in. Appendix I, a reasonable candidate to determine the time to
double amplitutwe of the unstable mode would he the angle of attack rosponse
to an elevator command. Since the oscillatnry pvoes ann zeros in the transfor
of ox ',e are in close proximity (see Table I-V) then w% approximation to the
tratnster .unction can be written as;

and the time histures t.o an Imill- and a step.comand can be expressed as:

A a
itnulo



(11 .7)

If A/ is considered to be the unstable mode and X 2 the stable mode,
then as t oo

A 'At e (11.8)

- ~ A F,. t B

(II .9)

Siiice in general it is not possible in practical flight testing to wait
for long periods of time to measure the unstable mode, a comparison was
made using a linearized three-degree-of-freedom digital program to compare
the value of T2  as determined from the characteristic root location and
the angle of attack time history to a step elevator command. Based on the.
form of the approxinate time histo!'y of Oa(t) for a step, the following
terms were used in the computation of T,, &W(tm + i)-&a( (tw) , and 4& (d,,).
The restriction placed on the computation was that sm&.j{ 60, and

!V, ! V. . . Table I1-I presents the results obtained ftom this
analysis for T.. The measured values were obtained from semi-log plots
of the data.

For the longer time to douhlo amnplitude configurations, sufficient
time history of response to determine T2  is not available aithin the limita-
tions imposed above. This difficulty could be rcmoved by selecting a time
history of control input which only excites the unstable mode, or by
measuring the time to double amplitude of the response ts the. airplane
drifts off the trim point. The result.s of the computation of r, f6om.
allowing the conf igurations to drift off the trim point, xising tirbulonce
as ai cxci-cation, are presented in Table 11-1l. The drift results wore
obtained from ground simulation studies. on the TIPS airplane.

In order to evahuate these measures for a more rea1isticsituation,
a s•imiar studF"was conducted using a nonldegree-Of-f edm noinear digit;l
.p~rogra, sitice al- orf the configorations evaluited have a nonlinesr drsrAr polar,

aud several have a nonline-ar Cr co"•e. The results of this stWy are
shown in Table I-:1, for a negi. ve elevator surface step using the p~rviously
cited restrictions on the data analy:ad.

uor the configurations with nonlinear C, , the difficuIties
wi-th the measure of 7T, are dependent upon the direction of the drift. T"
the airolane drifts nose up ior these configiwratoas, -the measurcl T I I
be realistic; however, if the configuration drifts uo.se dovi, then the "easurej
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Table I1-I

Time to Double Amplitude (Tz) Seconds
from Linearized Equations of Motion

T2 based on

Conf. Unstable root * •4,.,)-•(t.) 0(t.)
locaticn

2 59.6 9.0 10.0
3 8.12 6.5 6.8
4 4.17 4.3 4.2
5 2.00 2.0 2.0

10 9.73 7.5 7.5

11 4.61 4.2 4.t
12 2.10 2.1 2.1
14 8.21 6.9 7.2
15 4.17 4.1 4.2
16 1.99 2.0 2.0

where •( 1)-o(t,)incicates the difference between the angle of attack response
at time t,,,f seconds from that at time t seconds.

Table II-II

Tz2 ' Seconds (Non-Linear Equations of Motion)

T based on

-- rLinearized
Conf. 0x, - C(t,) C Drift conlptutat lon Unstable root

2 7.2 6.7 Z1.5 59.6
3 6.2 6.0 8.0 8.12
4 4.1 4.2 *4.0 4.17
5 2.0 2.0 ,2.1 2.0
6+ 4.0 3,6 8.8 8,12
7+ 3.1 3.2 4.5 4.17
8+ 3.1 2.8 12.5 8.12
9+ 2.7 2.4 13.0 4.17

10 7.1 6.6 ,8.6 9,73
11 4.6 4.3 !.5 4.61
12 2.1 2.0 0 2.10

'14 9 5.7 9.0 8.21
4.a 4.0 4.2 4.17

16 ,20 Z..0 t -. 99
17+ 4.8 4.4 13.5 8.21lii* 3.•4 21 9 5. 5 4.17

iC÷I• , 1.8 t 1.95 1.91)

Note Nr,9O-ip driftt

4 Non-iimear t,". configuration
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TLwill be longer than the value determined from other measurement techniqubs.
Thus if time to double amplitude of the aperiodic mode of response is to be
used as a criterion for minimum longitudinal stability, then care must be
exercisel in prescribing the measurement technique and the input (or disturbance)
to be uaed.

EXAMINATION OF ATTITUDE RESPONSE AND THE UTILIZATION OF A SHORT TERM
APPROXIMATION TO THE ATTITUDE RESPONSE

It has been postulated in several studies that a fundamental inner
loop closure performed by the pilot in the landing approach task is on pitch
attitude (References 15 , 16 , 17 ). Rlecently, Referen•e 18 de"veloped
a performance criterion for attitude tracking applied to the landing approach
task. Closed loop analysis of attitude is examined in Section VIII of
Volume I1. This section will examine open-loc.) pitch attitude response
for the configurations evaluated in '-his program, and will show that a short
time approximation can indeed be used to represent the initial attitude
r-sponse to an elevator command for the configurations investigated. Figures
II-1 , 11-2 , and 11-3 represent the effects of changes in the parameters
investigated on the time history of pitch rate to a negative unit elevator
surface steT command obtained from a six-degree-of-freedom nonlinear digital
prograrm. Examination of these figures yields the following information.
First, in order to command pitch attitude it is necessary for the pilot to
use a sequence of commands. In order to command an attitude change, the
pilot must pulse the elevator to initiate a pitch rate and as the attitudu
approaches the desired value, he must then pulse the control in the opposite
direction to stop at the desired attitude. Tight attitude control would then
result in ossentiallya quick sequence of pulse-in, pulse-out comands, in
other words, the pilot would have to 'pump" the elevator control when attempting
to tightly contrcl airplane attitude as required in the landing approach, task.
In general, the responses illustrated on these figures also indicate that
attitude response to an elcvator pulse tppears to I& a first ordor response of
the Fo'm M/ e)-) 0 C igure 1 - indicates that at least for the few
seconds following the control input, there appears to he no sigaificant
difference in the rosponsos of Configlorations 2, 3, and 4, whilo the response
of Confitguration 5 show% a strong divoergence, V'igre 11-ý illustrates the
ltoffcts of reducing induced drag a,, increasin C• C+ C on the pitch
rate response to an elovator stop comand for confi~ttrations that would have
;t. A-- cond and 4 second time to double amplitude divergent mode of response
based on ch-uracteristle root location. The reduction of indttcc4 drag osed
in this investig-ation does not have any significant e'ect on the short tvrm
attitude response, whilt increasing "pitch" daping C-In ý , at const'ant
"r, tends to intreash, the "equivalent" first-ordet time constant of the short
tVVrM attitude response. While there is an increase in the pitch-up tendencyt
o0 the airplane with nonlinear CM, , tils et'ect does not tend to Manifest
itself in the attitude response until several secotdAs after the control inixit.
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As previously stated, the time histories of pitch rate response to
a negative elevator surface step appear to be of the form A (1O-e-U)for
the first several seconds following the control input. In order to determine
an "equivalent" first-order time constant the time history of (t,,a)-•(tn)
was plotted on semi-log paper. Examples of these plots are shown on Figures
11-4 and II-5. The "equivalent". first-order time constant is defined by the
best linear approximation to the slope measured on the attitude semrl-log plots
for 6 5 seconds. Table II-III documents the results for the statically
unstable airplane configurations that were investigated in this program.

Table II-III also presents values obtained from two different b'it
related approximations. These approximations will be 4iscussed in the
following paragraphs. The linearized three-degree-of-freedor loogitudinal
equations of motion were presented at the beginning of this appendix. The
transfer function of attitude to an elevator input based on these oquations
can be written as follows (assuming Z&<</, 1):

ef the lower order terms (Alao) are nm'ected in the characteristic

equation in order to determine a short term approximation, then the following
equation results:

The 'tuivalent" time constants presented in Table II-IlI for the characteristic
eQ'ctionfl approximat.on are determined from the lower frequency root of the
b-rackoted quadratic factor in equation 1141.

If the effects of A\. and Zv are neglected in equation 11.10 then
,he folluwing equation results:

rC MZ ,, 4A , s Z.)

, , ( I.12)

Il'M equal ion is identical to the result that would he obtained from a
con:-tt.nt slited short-period approximation,. The short-pernod approxima.iuon
"Wkqulvvaent"l attitude time constant. is determine-d from Or lower V,-ency
roet of the abovw quadratic donominrtor expression. For the statically unstabI,:
cOntigurativos examined in this experimont, the quadratic expression in the
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Table I1-111

EQUIVALENT ATTITUDE TIME CONSTANTS

Semilog olots Characteristic Eq. Short Period
Approxination Approximation

CONF. T - sec T "sec T -/sec T -,sec T- ~rsec T -sec
1/29 20 1/2 2 s/~ ________

2 3.60 3.57 3.65

3 6.00 5.68 6.26

4 00 cc 37.31

5 2.60 Z. 9 Z. 60

6* 9.00 5.68 6.26
109.0 37. 31

8* 00 5.68 6. 26

9* 6.1 54.4 37. 31

.10 6.00 4.26 6.26

11 go 25.05 37.31

12 2.60 3.13 2.60

14 2.50 2.80 3.32

15 14.80 9.45 19.94

16 2.60 3.31 2.76

17':, ?.20 2.80 3.32

0 9.45 19.94

19,* Z. 00 3. 31 2,76

1lndicatoe c wo ig.irations with nonlinear C
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denominator represents two real poles, one of which is essentially cancelled
by the numerator zero. Thus the transfer function -e--(s) essentially
reduces to the form S and, as previously indicated, the time
response of attitude to an impulse would have the form A'tf-e -At). A
comparison of the numbers presented in Table I-I-ll indicates that a short
period approximation can indeed be applied to the short term attitude response
of an elevator control input, for the statically unstable airplane config-
urations evaluated in this research program. It is interesting to note
that configurations which show a relatively small change in the time to
double amplitude measured from angle of attack data show a much more signif-
icant change in the "equivalent" time constant of the attitude response
(i.e., Configurations 4 and 5 from angle of attack data indicate a change
in T. from 4.2 seconds to 2.0 seconds, however, these same configurations
show a change from essentially neutral stability to a T-r of 2.6 seconds
in terms of the short term attitude response). This drastic change appears
to be reflected in pilot comments and the pilot ratings for such configurztions.

ELEVATOR TO TRIM IN STEADY BANkED TURNS

The previous paragraphs illustrated the fact that for the config-
urations evaluated in this program, tne attitude response to elevator would
be reasonably approximated for the short term by a short period approximation.
The existence of a stable short period mode can be shown to be related to
the control fixed maneuver margin (Reference 19) , which is dependent on
the slope of the elevator with incremental load factor determined from steady
pull-up maneuvers or from steady banked turns. The equations of motion for
a constant altitude steady banked turn are the following (Reference 20).

rs6- - D =0
(11.13)

Thus~

5Z~~~(i -1,ýccsa ,1)

tanjA=

94



and (rEsin L) eos,14 mq ~W

(I1.17)

:hus Z--+si - in addition it can be shown that
1+Vaý t? and substitution of n= /cosA then jg <?/i

Since the turn is steady, the pitching moment equation must be solved for
0 . Using the notation previously introduced in the beginning of

this appendix, the longitudinal equatioits of motion that result from a
perturbation tacatment are as follows:

M Z AL + A (1 .18)

777

Il - Or (11.20)

where

If the requirement for thrust change to hold increasing steady bank turns is
ignored along with the drag equation, then the remaining equations can be
i;olved for the change in elevator position with incremental g. The result is

46 • L. € - I&,,,
S(I: ,21)

aS 'n-w, ,teabove equation reduces to < •i).
L.. zz - -7,

9s

4 de.. " ~



Thus as&.$e/n-1)-, O , the square of thk. short period natural frequency
(yMqZ,-A4)• must vanish,

If thrust is added to maintain constant altitude and constant velocity,
then the relationship between incremental load factor and elevator required
for trim becomes more complex. This case was examined using a six-degree-of-
freedom nonlinear trim program rather than the perturbation analysis. The
full per';urbation analysis indicated relatively large changes in angle of
attack would occur which would tend to invalidate u.;ing the linearized
derivatives about the trim conditien. Figures II-6 a'id 11-7 present the
results of this analysis for the statically unstabl, configurations evaluated
in this program. A comparison of the slopes of these curves with the
"equivalent" att'Jtude response to elevator time constant indicates that
there exists a reasonable correlation between the two quantities. Configur-
ations 5, 12, 16 and 19, which were all rated essentially as uncontrollable
(PR - 10), all have a short time to double amplitude measured from angle
of attack data (TZ - 2.0 sec), and "equivalent" first order pitch time constant
which is strongly unstable (T;z -2.6 seo), and for constant altitude turns
have an unstable elevator to load factor gradient even at relatively smril
changes in load factor. For the configurations where C-m, is not a function
of angle of attack, for the relatively small load factor required to land
an aircraft of the type investigated, Configurations 4 and 11 would appear
to have zer., :ontrol-fixed maneuver margin. The configurations with nonlinear
C7;7 relationships would appear to be at the stick-fixed maneuver point for
Anf m .2 g, however, this situation could be improved if the pilot increased
the approach speed.

FLIGHIT PATH STABILITY, SPEED STABILITY, AND "BACKSIDEDNESS"

.During the landing approach flight phase, operation on thl "backside"

of the trim drag curve can result in coordination problems between throttle
and-elevator and increased pilot workload. When the elevator control is
used to control attitude and altitude, then the airspeed response can be
characterized by a first order mode which is directly related to the shape
of the drag polar. For the experimental evaluations described in this
report-, the following equations relate flight path stability, speed stability,
and "backsidodnos s"

Flight path stability as discussed in Reference 6 is described
by the steady-state relationship between flight-path angle and voloclty for
ai elevator input. Based on the equations of motion previously presented
in this '.,iscusslon, the foliowing expression can be derived for d/ldr
with constant throtzlo:
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This expression may be rewritten as follows:

D, dv DvAZ ~ [MZj D,,] D. .1,(,e J (11.24)

I f "v is neglected and it is assumed that .Mp5 (v, * " and

J !eo _ < , then the previous expression becomesMS'O ZO

dV ='" V÷ z, (l11.2s)

This form of the equation for flight path stability is directly
related to the speed stability first order mode. The formulation for the
speed stability mode is obtained by assuming that the pitching moment equation
can be kinematically constrained such that this equation is identically
satisfied and, in addition, •o= 0 and A =-0, thus 48 -Au, Using
these conditions in the remaining equations of motion yields (neglecting
controls):

La g
V =(11.26)

L'ift

SoIn•,n these two equations simultaneously yields for %clocity the following
equat ion

'A r + - .( 1 , 8

where the spoed stability root is defined by

spoee stability _ L-- 4D 9) Z-V
Z9
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which is equal and opposite to ?' •V under certain constcaints. Reference.
16 also illustrates that these parameters are directly rela'ed to the slope

of the trim drag and thrust curve as a function of velocity. Thus

-O(V (11.29)

'fable II-IV indicates the values obtained for the different measures
of "backsidedness" for the configuration examined in this experiment at
altitude (out of ground effect) and when the center of gravity is 16 feet
above the runway. The results are presented in terms of degrees/knot comparison
with the requirements of Reference 6. The experimental design varied the 'back-
sidedness" at Altitude by modification of the drag polar, such that all
configurations out of ground effect essentially achieved the same trim
condition at the reference velocity of 160 knots IAS. The induced drag aas
reduced for Configurations 10, 1i, 12 and 20. The primary purpose was to
examine the effect of "backsidedness" on pilot opinion and workload for the
statically unstable configurations examined in this program. Tt should be
noted that Dlacing the airplane in the "bucket" of the power required curve

CA "- Vr,., by reducing drag (C•d,) will alsu slightly reduce
the aperiodic unstable mode in the airplane linearized three-degree-of-
freedom longitudinal characteristic equation. As previously showr., the
reduction of(Cod,) used in this program will have no significant effect
on the short term response of attitude to an abrupt elevator control input.
The reduction of "backsidedness" with altitude is primarily due to the decrease
in induced drag and the increase in the lift slope curve as-the aircraft enters
ground effect.
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Table II-IV

FLIGHT PATH S. ABILITY- DEGREES/KNOT

h= 400 feet h= 16 feet

CONF A B C A B C

1 .1045 .1292 . 1270 .0648 .1118 11

2 .1043 1043 . 1070 .0633 .0774 .077

3 .1043 1024 .0980 .0636 .0745 .066

4 .1043 C984 .0950 .0641 .0683 .066

5 .1044 .0882 0920 .0653 .0540 .052

6 .1043 .1238 .092 .0637 .0773 .074

7 .1043 .0981 .1014 .0648 .0709 .070

8 .1033 .1010 .1014 .0647 .0803 .075

9 .1043 .0979 .0890 .0643 .0737 .076

10 -. 0035 -. 0033 U. 0 -.0309 -. 028Z 0. 0

11 -. 0034 -. 0030 U. 0 -. 0306 -. 0296 ().0

12 -,0034 .. 0022 0.0 .0300 -. 0326 -. 034

13 .1045 .1292 .1543 .0648 .1118 .101

14 .1043 .0988 .100 .0640 ,0690 o063

15 .1044 .0908 .096 .0650 .0575 .056

16 .1045 .0768 .076 .0665 p0399 .048

17 .1043 .0985 .098 .064Z .0746 .07-.

18 .1044 .0905 .089 .0653 .u622 .065

19 .1045 .0766 .080 .0667 .0434 L144

au -. t004 -. 0055 ,U. 0! 30 i0194 ,Z5

S.....•:0,06 dogreou/knut
2 - a9 i degrees/knot

Leve1 3 - drs"

Lovi -3 - £ 0,24 do&Irees/kn~tt

wherre;
A r~ter-, t, the pmratuct-r aw detor,•ioed (rotin 'speed s:bitity •t Eq, U. 28)
P c rerr, to the paravwctr as deternim'd fromfi ýteaeiy state MEi. U. 23)
C refers to the paranweter as deteormined iros, the trimi thrust slope fEq. it. 24)
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APPENDIX III

TYPICAL MODEL-FOLLOWING IN-FLIGHT RESPONSES
AND FEEDFORWARD AND FEJDBACK GAINS

The degree of longitudinal model-following to a manual elevator
doublet is shown in Figure III-1 and to an automatic classical throttle
step input in Figure 111-2. The degree of la°.iral-directional model
following to a classical aileron step and rudder step can be sqen on Figure
II-3 and Figure 111-4, respectively. The midel following achiieved after
a rudder doublet has been made is shown in Figure 111-5. The longitudinal
aad lateral-directional model following accomplished on a typuical approach
can be seen from a comparison of the in-flight records ou Figure 111-6.

The longitudinal feedforward gains used in this research program
are presented in Table III-I. The longitudinal feedback gains are shown in
Table III-II. For the lateral-directional, the feedforward gains are
presented in Table III-III and the feedback gains in Table III-IV.
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Table m- I

LONGITUDINAL FEEDFORWARD GAINS

GAINS VALUE

(Se/q,,.) o0.313

(Se/A,,,m) 40.021

(SeIl,,,,,.o) 0.10•

(S,1':. 0" 4,,
-0,024

(1&aA Sim ) 247.0

/A - ..M6a I

.7.0
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Table M.I

LONGITUDINAL FEEDBACK GAINS

GAINS VALUE

(Se/eq) .0.875

(/e le) 5.54

(e/fe) 4.88

(V/•) 1.23

(Jv,-ev) 2.60

6.97

*8.0
s Ilea!a) -8.0



Table m.-z

LATERAL-DIRECTIONAL FEEDFORWARD GAINS

GAIN VALUE

• ('•c/,) I .0.9E0

0.20

/0.98m

I -0.22

1.24

0.A24

(a,.l ) .oaA

. ",

4L. 12



Table M. M

LATERAL-DIRECTIONAL FEEDBACK GAINS

GAIN VALUE

(6, /le, )-3.52
(~a/ep)-3.52

-2.0

(Sr/f~ac)2.20(s,/le:o8) l.G
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